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GEOMETRY AND KINEMATICS OF THE CENTRAL SNOWCREST RANGE:
A ROCKY MOUNTAIN FOREHAND UPLIFT IN SOUTHWESTERN MONTANA

Barry Christopher McBride, M.S.
Western Michigan University, 1988
The Snowcrest Range forms the southeastern limb of the Late
Cretaceous Blacktail-Snowcrest uplift.

The northeast-trending uplift

is bounded by the northwest-dipping Snowcrast-Greenhom thrust system
which consists of seven thrust zones which merge and flatten at depth
along a regional detachment horizon within the Archean basement.
The structures forming the Snowcrest Range are concave westward
with trends varying from N 55° E in the southern region to north-south
in

the

northern

region.

Calcite

twin

lamellae

and

fracture

orientations indicate that the principal shortening direction was
oriented S 85° E during late Cretaceous time.

This orientation

requires that a significant component of right-lateral strike-slip
occurred along the thrusts in the southern Snowcrest Range with an
increasing component of dip-slip to the north.

Northwest-trending

faults acted as tears to accomodate the transfer in displacement along
strike.
Basin-range extension collapsed the uplift with normal faults
which merge at depth with the Laramide thrusts along the western flank
of the range.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ACKNOWLEDGEMENTS

Sincere thanks are extended to my advisor, Dr. Christopher J.
Schmidt

(Western Michigan University)

for his constant support,

encouragement, friendship, and critique throughout the course of this
project.

He

deserves

special

recognition

for

the

generous

contribution of his time in the field and laboratory as well as for
his valuable advice and keen insight regarding the Rocky Mountain
foreland.
Ronald

Sincere thanks also go to Dr. W. Ulemas Straw and Dr.

B.

Chase

(Western

Michigan

University)

for

providing

suggestions and constructive criticism during the preparation of the
manuscript.
Special thanks go to Gary E. Guthrie (Marathon Oil Company) for
sharing in numerous discussions regarding the geology of the Snowcrest
region, for providing timely information on the Marathon Cornell Camp
Federal 1-20 well, and for his support and encouragement throughout
this project.

Special thanks are also extended to Dr. William J.

Perry Jr., Dr. William J. Sando, and Dr. Thaddeus S. Dyman (United
States Geological Survey) for their helpful encouragement, advice, and
valuable discussions as well as contributing their time to go in the
field.

In addition, I would like to thank Dr. Edwin K. Maughan

(United States Geological Survey) for valuable discussions regarding
the Late Mississippian/Early Pennsylvanian stratigraphy.
For spending time in the field and sharing their knowledge of the
regional geology, I wish to thank Mark Sheedlo (Conoco Inc.), Matt
ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Kaplinski (Northern Arizona University), Dr. Christopher J. Haley, and
Nancy Williams.

Special thanks go to Dr. Hugh W. Dresser (Montana

College of Mineral Science and Technology) for generously providing a
reconnaissance flight over the study area.
Special thanks go to Dr. Ben Van der Pluijm and Dr. John P.
Craddock (University of Michigan) for their invaluable advice and
assistance regarding the calcite twin analysis.

X would also like to

thank Dr. David V. Wiltschko for providing a copy of the calcite twin
analysis

computer

program.

Jeff

Schucknecht

(Western Michigan

University Academic Computer Center) deserves special recognition for
his assistance in modifying the calcite twin analyis program for the
Western Michigan University VAX computer system.
For sharing in numerous discussions of mutual geologic problems,
I wish to thank my colleagues Paul Genovese and Bob Versical (Western
Michigan University).

Bob Haviera (Western Michigan University) gave

willing assistance in the technical areas and with photography.
Field work for this project was supported by a Marathon Oil
Company

Research

Stipend,

an American Association of

Petroleum

Geologists7 Grant-in-Aid, grants from the Graduate College of Western
Michigan University, and the W. David Kuenzi Memorial Research Award
from the Western Michigan University Department of Geology.
For their generous hospitality and friendship while I was in the
field, I wish to thank the family of Floyd and Vergilie Wheeler Jr, as
well as Ron and Patsy Byrd of Dillon, Montana.
I would espeially like to thank my parents, Milford and Madeleine
iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

McBride,

and the rest of my growing family for their love and

encouragement throughout the course of this project.

Without their

unfailing support and understanding the completion of this project
would not have been possible.

Barry Christopher McBride

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UMI
MICROFILMED 1989

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

INFORMATION TO USERS
The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm
master. UMI films the text directly from the original or
copy submitted. Thus, some thesis and dissertation copies
are in typewriter face, while others may be from any type
of computer printer.
The quality of this reproduction is dependent upon the
quality of the copy submitted. Broken or indistinct print,
colored or poor quality illustrations and photographs,
print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction. .
In the unlikely event that the author did not send UMI a
complete manuscript and there are missing pages, these
will be noted. Also, if unauthorized copyright material
had to be removed, a note will indicate the deletion.
Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the
upper left-hand corner and continuing from left to right in
equal sections with small overlaps. Each original is also
photographed in one exposure and is included in reduced
form at the back of the book. These are also available as
one exposure on a standard 35mm slide or as a 17" x 23"
black and white photographic print for an additional
charge.
Photographs included in the original manuscript have
been reproduced xerographically in this copy. Higher
quality 6" x 9" black and white photographic prints are
available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly
to order.

University Microfilms International
A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
313/761-4700 800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

O rd er N u m b e r 1335712

G e o m e try an d k in e m a tic s o f th e c e n tra l S now crest R an ge: A
R o c k y M o u n ta in fo re la n d u p lift in so uth w estern M o n ta n a

McBride, Barry Christopher, M.S.
Western Michigan University, 1988

Copyright ©1988 by M cBride, Barry Christopher. All rights reserved.

UMI

300 N. Zeeb Rd.
Ann Arbor, MI 48106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Copyright by
Barry Christopher McBride
1988

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE OF CONTENTS

ACKNOWLEDGEMENTS .........................................

ii

T.TST OF TABLES .....................................................................................

xi

LEST OF FIGURES ..........................................

xii

..........................................

xviii

LIST OF PLATES
CHAPTER
I.

INTFODUCnON

.........................................................................................

1

Scope and Purpose of Investigation................

1

Investigation Methods ...........

6

Previous W o r k ...................................

7

Clarification of Laramide........................

8

II. GENERAL STRATIGRAPHY................................

10

General Statement...................

10

Precambrian.....................................

14

General Statement.............................

14

Description..................................

14

Cambrian and Devonian............................

15

Mississippian...................................

16

General Statement.............................

16

Madison Group....................

17

Iodgepole Formation........................

18

Mission Canyon Formation....................

19

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table of Contents-— Continued

CHAPTER

Snowcrest Range Group.........................

22

Kibbey Sandstone...........................

23

Lombard Limestone..........................

26

Conover Ranch Formation....................

33

Pennsylvanian...................................

36

Quadrant Formation............................

36

Permian....................................

Fhosphoria Formation.......

37

37

Triassic.......................................

40

General Statement............................

40

Dinwoody Formation............................

41

Woodside Formation............................

42

Thaynes Formation............................

44

Jurassic.......................................

46

Morrison Formation............................
Cretaceous........

46
48

General Statement ............................

48

Kootenai Formation............................

49

Blackleaf and Frontier Formations ..............

51

Beaverhead Group.............................

54

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table of Contents— Continued

CHAPTER

Tertiary.......................................

61

Bozeman Group................................

61

Volcanics Undivided...................

62

Quaternary

III.

IV.

...................................

65

Glacial Moraine..............................

65

Colluvium and Alluvium.............

65

ERE-IARAMIDE TECTONIC SETTING.......................

68

General Statement...............................

68

Precambrian (Archean) Setting.....................

68

Middle Proterozoic (Beltian) Setting..............

73

Paleozoic Setting...............................

75

Early Mesozoic Setting...............

82

DESCRIPTIVE ANALYSIS OF LARAMIDE DEFORMATION IN THE
CENTRAL SNOWCREST RANGE
........................

86

Regional Laramide Tectonic Setting................

86

Description of Faulting..........................

87

General Statement ............................

87

West Fork Thrust Z one.........................

91

Snowcrest Thrust Zone.........................

95

Greenhorn/Sub-Snowcrest Thrust Zone ............

101

Clover Divide and Bonita Spring Thrust Zones

104

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table of Contents— Continued

CHAPTER

Centennial Divide Thrust Z one..................

105

Gravely Range Thrust Zone .....................

106

Northwest-Trending Tear Faults.................

108

Minor Faults........................

111.

Description of Folding.........................

Ill

General Statement.............................

Ill

Northeast-Trending Folds......................

113

Spur Mountain Syncline.....................

113

Sawtooth Mountain Anticline...........

114

West Fork Anticline........................

116

Antone Peak Syncline.......................

117

Minor Folds...............................

117

Northwest-Trending Folds......................

119

Bonita Spring Anticline

*..............

119

West Fork syncline.........................

120

Clover Creek Anticline.....................

120

Peterson Basin Syncline.....................

121

Cornell Cairp Anticline-Syncline............

121

Minor Folds...............................

122

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table of Contents— Continued

CHAPTER

North-South Trending Folds....................

V.

122

Clover Creek syncline...... ................

122

Jones Creek Anticline-Syncline......

123

Pole Creek Anticline-Syncline...............

123

Minor Folds...............................

124

KINEMATIC ANALYSIS OF IARAMIDE DEFORMATION IN THE
CENTRAL SNOWCREST RANGE........

125

Tectonic Inheritance............................

125

Snowcrest-Greenhom Thrust System..............

125

Northwest-Trending Faults.....................

126

Tectonic Model of the Blacktail-Snowcrest Uplift

128

Age of Deformation................ ..............

132

Timing of Uplift.............................

132

Timing of Thrusting and Folding..............

133

Sequence of Deformation ..........................

134

Mechanical Behavior of Basement...................

143

Stress Configuration............................

148

Calcite Twin Analysis.........................

150

Methods............

152

Results ...................................

154

Interpretation............................

157

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table of Contents— Continued

CHAPTER

Fracture Analysis.............

VI.

159

Thrust Motions...............................

161

P0ST-LARAMH3E DEFORMATION IN THE CENTRAL
SNOWCREST RANGE ....................................

168

Regional Tectonic Setting........................

168

Description of Faulting..........................

170

Snowcrest-Greenhom Range-Front Fault System

170

Northwest-Trending Normal Faults...............

172

Description of Folding...........................

173

Whiskey Spring Anticline......................

173

Tectonic Inheritance................. ...........

175

Snowcrest-Greenhom Range-Front Fault System

17.5

Northwest-Trending Normal Faults...............

177

Geometry and Kinematics of the Sage Creek
and Ruby Basins..................................

177

VII. SUMMARY AND CONCLUSIONS .............................

183

Geologic History..............................

183

Conclusions .....................................

187

APPENDICES................................................

192

A. Stereographic Analysis of Foldsand-Fractures ..........

193

B. Measured Stratigraphic Sections......................

216

C. Calcite Twin Analysis D a t a..........................

230

BIBLLOGRAFHY.............................................

248

X

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

uest o f tables

1. Generalized stratigraphic cx>lumn of the central
Snowcrest Range...........................

xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF FIGURES
1. Photograph (looking south) of the central
Snowcrest Range.........................................

3

2. Index map showing area covered by this project.............

4

3. Generalized location map showing mountain ranges,
basins, roads, geographic features, and oil wells
in the Snowcrest Range region of southwestern Montana.......

5

4. Idealized fence diagram illustrating the
stratigraphic thickness variations in the Snowcrest
Range region of southwestern Montana......................

13

5. Photograph (looking southwest) of solution
features within the Mission canyon Formation near
the Blacktail Road in the central Snowcrest Range...........

20

6. Photograph of brecciated Mission Canyon Formation
deformed by thrusting within the West Fork thrust
zone of the central Snewcrest Range.......................

21

7. Photograph (looking northeast) of a possibly
complete exposure of the Kibbey Sandstone (basal
unit of Snewcrest Range Group) within the central
Snowcrest Range.........................................

23

8. Photograph of laminated limestone cobbles within
the Lombard Formation in the central Snowcrest
Range..................................................

28

9. Photograph of Lombard Formation which resembles a
tufa within the central Snowcrest Range....................

29

10. Schematic sketch of technically thickened
Lombard Limestone exposed within a glacial cirque
in the central Snowcrest Range...........................

31

11. Photograph and schematic sketch of a buckle fold
exposed within the Lombard Limestone in the
central Snowcrest Range................................

32

12. Photograph of the Lima Limestone Conglomerate
of the Beaverhead Group exposed on Antone Peak,
central Snowcrest Range.................................

55

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

List of Figures— Continued

13. Photograph of angular unconformity between the
Lima Limestone Conglomerate ane the Clover Creek
Sandstone of the Beaverhead Group in the central
Snowcrest Range........................................

57

14. Photograph (looking northeast) of the Cretaceous
Lima Limestone Conglomerate of the Beaverhead Group
resting unconformably above the Late Mississippian
Lombard Limestone of the Snowcrest Range Group in the
central Snowcrest Range.................................

59

15. Photograph of the Lima Limestone Conglomerate
of the Beaverhead Group which contains large
quartzite cobbles along the western flank of
the Snowcrest Range....................................

60

16. Photograph and schematic sketch of very large
exotic blocks of Late Mississippian Lombard Limestone
encased in Tertiary volcanics which are resting on
Late Cretaceous BeaverheadGroup conglomerates.............

63

17. Photograph of Tertiary volcanics containing
clasts of Late Mississippian Lombard Limestone
in the central Snowcrest Range...........................

64

18. Photograph of recent landslide deposit above the
Lombard Limestone along the Blacktail Road in the
central Snowcrest Range.................................

67

19. Regional map of Precambrian basement terrains in
southwestern Montana, known or inferred Precambrian
shear or mylonite zones, and principal Laramide faults.
Terrain designations and shear zones are based, in part,
on Hadley (1969a,b), Erslev (1983), Giletti (1966), Mogk
and Henry (1988) and O'Neill et al. (1988). MLSZ= Mirror
Lake shear zone; ST= Snowcrest thrust; and GT=Greenhom
thrust (modified from McBride et al., in press)...........

70

20. Palinspastic isopach map of the Late Proterozoic Belt
Super Group which probably delineates the position of
the probable Middle Proterozoic failed aulocogen and
cratonic rift margin in western and central Montana
(from Peterson, 1981) ..................................

74

21. Palinspastic isopach map of Cambrian strata in Montana
(modified from Peterson, 1981)...........................

76

xiii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

List of Figures— Continued

22. Palinspastic isopach map of Upper MississippianFennsylvanian strata in Montana. SGL= SnowcrestGreenhom lineament (modified frcsn Peterson, 1981).........

78

23. Idealized cross section of Snowcrest trough during
Late Mississippian time.................................

80

24. Palinspastic isopach map of the Jurassic Ellis Group
in Montana (from Peterson, 1981).........................

84

25. Regional map of western Montana shewing the eastern
extent of the Cordilleran thrust belt, basin-range
extension, and the position of basement uplifts............

88

26. Idealized block diagram illustrating the positions
of the various thrust zones and tear faults in the
central Snowcrest Range.................................

90

27. Photograph (looking north) and schematic sketch of
thrust imbricates within the Mission Canyon Formation
along the western flank of the central Snowcrest Range
in the West Fork thrust zone............................

92

28. Photograph of sheared Lombard Limestone along the
western flank of the central Snowcrest Range within
the West Fork thrust zone...............................

93

29. Photographs of faulted conglomerates of the Beaverhead
Group involved with the West Fork thrust zone along the
western flank of the central Snewcrest Range...............

96

30. Aerial photograph (looking northeast) and schematic
sketch of the Snowcrest thrust zone along the central
Snowcrest Range.....................................

98

31. Stereoplot showing the orientations of shear fractures
in the Archean metamorphic rocks exposed in the central
Snowcrest Range (702 poles to fractures contoured at 1%,
3%, & 5%).........................

100

32. Photograph (looking southwest) and schematic sketch of
apparent back thrusts in the Late Cretaceous Frontier
Formation within the central Snowcrest Range................

xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

107

List of Figures— Continued

33. Fhotograph (looking south) and schematic sketch of the
Bighorn Mountain thrust which places the Mission Canyon
Formation above the Triassic Dinwoody in the central
Gravelly Range.................................... ,...

109

34. Index map of folds within thecentralSnowcrest Range........

112

35. Dcwn plunge aerial photograph (looking south) of
the Sawtooth Mountain anticline in the central
Snowcrest Range....................................

115

36. Photograph (looking northeast) of the Antone Peak
syncline within syntectonic conglomerates of the
Beaverhead Grot?) in thecentralSnowcrest Range............

118

37. Schematic diagram of translational thrust or thrustuplift model shewing the possible relationship
between observed foreland thrusting and deep crustal
detachment.......................................

131

38a. Inferred pre-Jurassic geometry of the Snowcrest trough
across an east-west transect in the Snowcrest Range
region. Black squares indicate strike-parallel
extrapolation of principal measured section. Well
symbols indicate strike-parallel extrapolation of
principal well data. LP= lower Paleozoic rocks, UP=
upper Paleozoic rocks, IM= lewer Mesozoic (Triassic)
rocks................................................

135

38b. Initial stage of Laramide shortening of the Snowcrest
trough (Figure 38a) to form the Blacktail-Snowcrest
uplift.. .............................................

135

38c & d. Early stages of progressive Laramide shortening
of the Snowcrest trough to form the Blacktail-Snowcrest
uplift...............................................

136

38e & f. Later stages of progressive Laramide shortening
along the Snowcrest-Greenhom lineament to form the
Blacktail-Snowcrestuplift..............................

137

38g. latest stage of thrusting in the vicinity of the
Blacktail Road alongthe West Fork thrust zone.........

138

38h. Inferred Eocene geometry of the collapsed BlacktailSnowcrest uplift......................................

138

xv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

List of Figures— Continued

39. Diagram illustrating depth to detachment calculations
using the displaced vector method of Kilsdonk & Spang
(1988).............................................. ..

140

40. Dictograph (looking southwest) of shear fractures
within Archean basement rocks exposed in the central
Snewcrest Range........................................

145

41. Steroplots comparing the orientations of shear
fractures and foliation within Archean metamorphic
rocks in the central Snowcrest Range.....................

146

42. Diotonicrographs of deformed Archean metamorphicbasement....

147

43. Schematic diagram illustrating the three calcite
fabrics determined within limestones of the central
Snowcrest Range and their probable causes offormation......

155

44. Generalized tectonic map of the Sncwcrest-Greenhorn
thrust system, sterecplots of ocmpressian axes determined
by calcite twin analysis, and the calculated Laramide
ccnpression azimuths...............................

156

45. Dictograph (looking east) of extension fractures filled
with calcite within the Triassic Dinwoody Formation along
the Blacktail Road in the centralSnewcrest Range..........

160

46. Idealized block diagrams illustrating the inferred
sequence of faulting along northwest-trending faults to
create the observed fold interference pattern seen in
the central and southern Snewcrest Range..................

164

47. Block diagram illustrating three dimensional
relationships of subsurface structures within the
central Snewcrest Range.................................

166

48. Generalized post-Iaramide tectonic map of extreme
southwestern Montana........................

169

49. Dictograph (looking southwest) and schematic sketch of
the Whiskey Spring anticline which consists entirely of
Tertiary sediments along the western flank of the central
Snewcrest Range........................................

174

xvi

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

List of Figures— Continued

50. Schematic diagram comparing the relationship of rollover
anticlines along listric normal faults to the geometry
developed by planar normal fault surfaces........

176

51. Generalized block diagram showing the relationship
between post-Laramide faulting and lew angle Laramide
thrusting. T= Tertiary deposits, M = Mesozoic rocks,
P = Paleozoic rocks and A = Archean rocks.................

179

52. Diagrammatic model showing the possible relationship
between extension due to broad arching and basin-range
normal faulting...........................«............

180

53. Schematic diagram illustrating the inferred relationship
of the Neogene range-front normal fault to the
Snowcrest-Greenhorn thrust system........................

181

xvii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LEST OF PLATES

I.

Geologic map of the.central Snowcrest Range,
Beaverhead and Madison counties, Montana.

II.

Structure section A-A' of the central Snowcrest Range.

III.

Structure section B-B' of the central Snowcrest Range.

IV.

Structure section C-C' of the central Snowcrest Range.

V.

Structure section D-D' of the central Snowcrest Range.

VI.

Structure section E-E' of the central Sncwcrest Range.

VII.

Structure section F-F' of the central Snowcrest Range.

VIII.

Regional structure map of the Snowcrest-Greenhom thrust
system and contoured stereonets of compression axes.

xviii

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

CHAPTER I

INTRDEUCTION
Scope and Purpose of Investigation
The Snowcrest Range is a unique, northeast-trending, basementcored Pocky Mountain foreland uplift in southwestern Montana.

It was

first recognized by Scholten, Keenmon, and Kupsch (1955) to be the
southeastern limb of a large laramide uplift, the Blacktail-Snowcrest
uplift.

The formation of the uplift has recently been attributed to

low-angle, basement-involved thrusts similar to the Wind River or Gros
Ventre Ranges in Wyoming

(Perry, Ryder,

& Maughan,

1981; Perry,

Wardlaw, Bostick, & Maughan, 1983; Schmidt & Garihan, 1983; Schmidt,
Sheedlo, Young,

Brown, & McBride, in preparation; Sheedlo, 1984).

Disagreements still exist about the exact subsurface geometry of the
Snowcrest Range and the kinematic processes responsible for its
deformation.
The purpose of this investigation is to provide a comprehensive
structural

synthesis

which

explains

the

deformational

processes

responsible for the creation of the Snowcrest Range by incorporating
descriptive, kinematic, and dynamic analyses conducted throughout the
study area.
to;

(1)

To accomplish this goal, detailed field mapping was done

accurately

define the

surface

geology,

(2)

study

the

relationships of the major folds and faults, (3) determine the control
that basement rocks had on the geometry of the thrusts, (4) determine
1
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the effect that Laramide deformation had on earlier (Precambrian)
structures, and (5) investigate the relationship of the Late Cenozoic
normal faults to laramide thrusts.

Detailed analyses of microscopic

and mesoscopic fabric elements were also conducted to determine the
laramide tectonic shortening direction and its control on thrust
motions.
Approximately 518 square kilometers

(200 square miles)

were

mapped in detail in T. 11, 12, 13 W., R. 3, 4, 5, 6 W., Madison and
Beaverhead Counties, Montana (Figures 1 & 2, Plate I). The study area
covers portions of Swamp Creek, Spur Mountain, Whiskey Spring, Antone
Peak, Stonehouse Mountain, Lima Dam, Wolverine Creek, and Antelope
Peak 7 1/2 minute quadrangles; and a portion of the Monument Ridge 15
minute quadrangle.

It includes the central Snowcrest Range and

overlaps with a portion of Sheedlo7s
continuity with his work to the north.

(1984)

study area to show

In addition, approximately 36

square kilometers (14 square miles) were mapped in reconnaissance in
the central Gravelly Range to investigate the relationship between the
Gravelly and Snowcrest-Greenhom thrust systems (Figure 2 & Plate
VIII).
Access to this remote region of Montana can be made along the
Blacktail Road from Dillon or the Centennial-Divide Road from Lima
(Figure 3).

The Centennial Divide Road continues north and marks the

eastern boundary of the study area.

Access to the Gravelly Range can

be made off the Centennial Divide Road onto the Gravelly Range Ridge
or Cottonwood Canyon Roads.

All of these roads present difficult

driving conditions and are generally impassable immediately after
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Figure 1. Photograph (looking south) of the central Sncwcrest Range.
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heavy rains, especially within the Gravelly Range.

Numerous secondary

dirt roads permit limited access to the foothills of the Snowcrest
Range but are generally very rough.

Access to the interior of the

range is limited to foot or horseback.
The central Snowcrest and Gravelly Ranges were recommended as a
study area by Dr. Christopher J. Schmidt as part of a continuing
regional

study

of

the

basement-involved

foreland

uplifts

in

southwestern Montana.
Investigation Methods
Field work was accomplished over an approximate 15 week period
during the summers of 1986 and 1987.

Geologic mapping was done

simultaneously on U.S.D.A. and NHAP aerial photographs (1:24,000 &
1:40,000 scales respectively) and U.S.G.S. topographic maps (1:24,000
scale; Plate I). Over 1300 field stations were made.
Analyses of folds and fractures were made throughout the region
and are included in Appendix A.

Statistical analyses of structural

data were performed using the computer program microNET developed by
Peter Guth.
Oriented samples of coarse grained limestones were collected
along the entire length of the Snowcrest Range in order to perform
analyses on calcite twin lamellae.

The analysis of the twin lamellae

is used to calculate the tectonic shortening direction.

Computer

programs developed by Dr. Richard. H. Groshong Jr. and Sandy Ballard
were

utilized

to

calculate

orientations which were

the

responsible

principle

stress

and

for deforming the

strain

limestone
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samples.

These programs are based on the methods outlined by Turner

(1949, 1953) and Spang (1972).
The construction and interpretation of structural profiles
(Plates II—VII), which incorporated subsurface data from well logs and
geophysical

surveys,

represented

the

last

stages

of

this

investigation.

The cross sections were area balanced as far as

possible,

because

but

of

stratigraphic

thickness

variations,

subsurface beds oblique to lines of section, few pinning points, and
the lack of a pre-Late Cretaceous model for the geometry of the
Snowcrest trough, bed lengths vary as much as ± 4%.
Previous work
The Snowcrest Range was first studied by the United States
Geological Survey in 1871, when the Hayden survey traveled through
this portion of Montana in order to write a preliminary geological
report on the area.
until KLepper (1950)

Subsequently, the Snowcrest Range was not mapped
first published a reconnaissance map of the

region.
During the 1950's, the central Snowcrest Range was the site of
active field work concentrating on the areal geology.

These studies

were Masters' theses or doctoral dissertations and included Honkala
(1949), Bull (1949), Scholten (1950), Keenmon (1950), Brasher (1950),
Gealy (1953), Ziegler (1954), Scholten et al. (1955), and Flanagan
(1958).

In the adjacent Gravelly Range, Vaughn (1948), Lsmish (1948),

and Mann (1954, 1960) also conducted their work during this period.
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The tectonic history of this region has been discussed by a
variety of workers including Scholten et al. (1955), Scholten (1957,
1964, 1967), Eardley (1960, 1963), Beutner (1977), Perry et al. (1981,
1983), Perry, Haley, Nichols and Hammons (1988), Schmidt and Garihan
(1983), Sheedlo

(1983, 1984), Young, Werkema, and Sheedlo (1983),

Schmidt and McBride (1988), McBride (1988a, 1988b), and Schmidt et al.
(in preparation).
A renewed interest in the petroleum potential of this region
initiated the work of Perry et al.

(1981,

1983) and geophysical

studies conducted by Kulik and Perry (1982, 1988) as well as private
industry.

The study area was the site of the first major wildcat well

drilled in the region by Shell Oil Corp. in 1964 (Shell Oil Co. no.
34x-13 unit).

A second wildcat well within the study area has

recently been completed by Marathon Oil Company (Cornell Camp federal
1-20).

Both wells provide excellent subsurface control.

More recent field investigations completed in the region by
Sheedlo (1984), Young (1984), Brown (1986) and Morse (in preparation)
have influenced the selection of the study area for this report.
Clarification of laramide
The usage of the term Laramide within this report refers to the
deformational style of Pocky Mountain foreland uplifts.

When the term

is used as a reference in time, it refers to the period when a
specific foreland uplift occurred and not the entire Rocky Mountain
chain.

For the Snowcrest Range, Laramide time includes Coniacian

through Maestrichtian time (88 to 78 Ma)

(Nichols, Perry, & Haley,
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1985).

Terms such as pre-Laramide and post-Laramide are therefore

events in the Snowcrest region which are older than 88 Ma or younger
than 74 Ma respectively.

This clarification is necessary because

Laramide style deformation occurred diachronously throughout the Rocky
Mountains.

In southwestern Montana, Rocky Mountain foreland uplifts

deformed concurrently with the Cordilleran thrust belt (Schmidt &
Perry, 1988).
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CHAPTER II

GENERAL STRATIGRAPHY
General Statement
The central Snowcrest Range contains a relatively

complete

sequence of rocks from Precambrian (Archean) metamorphic rocks through
to Cenozoic basin deposits with the exception of Ordovician and
Silurian rocks.

The Fhanerozoic rocks are approximately 6,888 meters

(22,600 feet) thick and have been mapped as 23 lithostratigraphic
units (Plate I).

The Paleozoic, Mesozoic, and Cenozoic sections are

approximately 2316, 3048, and 1524 meters (7600, 10000, and 5000 feet)
thick respectively.
Numerous regional stratigraphic studies have been conducted in
southwestern Montana and have been consulted during this report.

They

include Moritz (1951, 1960), Sloss and Moritz (1951), KUmmel (1960),
Cressman and Swanson (1964), McMannis (1965), Maughan and Roberts
(1967), Suttner (1969), Swanson (1970), Suttner, Schwartz, and James
(1981),

Peterson

(1981),

(1985a, b, c), Haley

Schwartz

(1983),

Maughan

(1984),

Dyman

(1985), Wardlaw and Fecora (1985), DeCelles

(1986), Schwartz and DeCelles (1988), and Dyman and Nichols (1988).
Unfortunately, only a few studies have concentrated specifically on
the stratigraphy and its variations within the Snowcrest Range (see,
for example,
Additional

Byrne,

1985; Key,

1986; Cressman & Swanson,

detailed studies are needed.

Complete

1964).

stratigraphic

10
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descriptions of the central and southern Snowcrest Range were given by
Gealy (1953), Ziegler (1954), Flanagan (1958), and Keenmon (1950).
Additional stratigraphic descriptions of the surrounding areas are
provided by Fecora (1981), Tysdal (1970), Hadley (1960, 1980), Mann
(1954, 1960), and Honkala (1950).

Although detailed descriptions of

the stratigraphy or the development of nomenclature are not presented
here, a general overview of lithologies, and thicknesses is.

Numerous

measured sections from previous workers have been incorporated into
this report along with several measured sections from this study
(Appendix B).

An idealized stratigraphic column of the central

Snowcrest Range is shown in Table 1.
The stratigraphy of the Snowcrest Range represents some of the
most

unique

lithofacies

southwestern Montana.

and

anomalous

thickness

variations

in

Thicknesses and lithofacies of the Phanerozoic

rocks tend to make rapid lateral changes parallel to the trend of the
range and extreme variations normal to the trend of the range.
Generally,

thicknesses tend to increase across strike toward the

northwest and parallel to strike toward the southwest.

Two wells, the

Shell Oil Co. 34x-13 and Marathon Oil CO. Cornell Camp federal 1-20,
are located within the study area and provide subsurface stratigraphic
control.

These two wells,

and the exposed Phanerozoic section,

document the extreme thickness variations which occur in this area
normal to the

trend of the range.

This ancmolously thick section of

Phanerozoic rocks is referred to as the Snowcrest trough (Maughan,
1984; Maughan & Perry, 1982).

An idealized fence diagram illustrating

these thickness variations is shown in Figure 4.
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Precainbrian
General Statement
Although the Snowcrest Range is underlain by Archean metamorphic
rocks, only a small area of the range contains Precambrian exposures.
Such exposures are isolated and limited to the western margin of the
range.

The only Precambrian exposures present within the study area

are located in the vicinity of the East Fork Blacktail Deer Creek
(23,26,27,33,34,35-llS-5W).

KLepper (1950)

first recognized these

rocks as Precambrian and they were again mapped and described by
Brasher (1950), Gealy (1953), Heinrich (1960), and Sheedlo (1984).
Description
The Archean rocks of the central Snowcrest Range are principally
metasedimentary, inhcmogeneous, and anisotropic.

The rock sequence is

dominated by layers of quartzose-feldspathic gneiss, hornblende and
biotite gneiss, and amphibolites.

Occurrences of subordinate green

metaquartzite, dolcmitic marble, garnet gneiss, kyanite and biotite
schist,

pegmatite dikes,

and quartz veins

are

common,

but are

generally limited to exposures south of the East Fork Blacktail Deer
Creek.

The texture of the quartzose-feldspathic gneiss tends to vary

considerably

from

strong gneissic

recognizable layering.

banding

and

foliation to

no

Generally the Archean rocks are strongly

layered and well foliated.

Foliation tends to parallel the trend of

the range with shallow dips to the northwest.
Heinrich (1960) assigned these Archean metamorphic rocks to the
Cherry Creek Group and the Dillon Granite Gneiss because of lithologic
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similarities to exposures in the Ruby Range, approximately 30 lan (19
mi) northwest.

However, James and Hedge (1980) have studied the

exposures in the Ruby Range in more detail and have concluded that
there is very little basis for differentiating the Dillon Granite
Gneiss from the other metasedimentary rocks since they appear to
belong to one sequence.

In addition, work by Vitaliano et al. (1979)

and Erslev (1982, 1983) indicates that the present nomenclature for
differentiating Archean assemblages may need to be redefined.

For

these reasons neither the Dillon Granite Gneiss, Cherry Creek Group,
nor Pre-Cherry Creek Group have been differentiated and were mapped as
Archean metamorphic rocks undivided in the central Sncwcrest Range
(Plate I).
Proterozoic sedimentary rocks of the Belt Supergroup were either
not deposited or were eroded from the Rocky Mountain foreland in
southwestern Montana.

Therefore, Cambrian sedimentary rocks rest

unconformably upon the Archean assemblages.
the Belt Supergroup

is within the

The nearest occurrence of

fold-and-thrust belt

in the

Bitterroot Mountains, approximately 60 km (37 mi) southwest of the
study area (Peterson, 1981).
Cambrian and Devonian
Cambrian and Devonian rock units are poorly exposed and represent
less than one percent of surface expression in the study area.

The

only area of exposure is located approximately 3 km (1.9 mi) north of
the East Fork Blacktail Deer Creek in sections 13 and 24, T.ll S., R.5
W.

These exposures were previously mapped by Sheedlo (1984) and are
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included with this study only to show continuity with his work to the
north.

These rocks are not exposed elsewhere within the study area

and were not examined in great detail.
The Cambrian rock sequence is approximately 305 to 335 m (1,000
to 1,100 feet) thick and consists mostly of dolomite with subordinate
horizons of sandstone and shale.

The Cambrian sequence includes five

formations: the.Flathead Sandstone, Wolsey Shale, Meagher Dolomite,
Park Shale,

and Pilgrim Dolomite.

The Snowy Range or Red Lion

Formations are not exposed within the study area and are not believed
to be present.

These units are absent in the American Quasar

Petroleum Co. no. 29-1 Peet-Creek Federal Well (Perry, 1986) 30 km (19
mi) to the south and in the Blacktail Range (Pecora, 1981) 30 km (19
mi) to the west.
As stated above, the exposures of Devonian rocks are limited as
are those of Cambrian rocks.

Because of the absence of Silurian or

Ordovician rocks, the Devonian-Cambrian contact is unconformable.

The

Devonian rocks are composed of two formations, the Jefferson Dolomite
and the Three Forks Shale, and are approximately 183 m (600 ft) thick.
These units are shewn to thicken southwestward Which is also the
general tendency for other formations deposited during the rest of the
Paleozoic.
Mississippian
General Statement
The Mississippian rock units represent the thickest sequence of
material remaining from the Paleozoic within the central Snowcrest
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Range.

The Mississippian is dominated by very thick units of

limestone

with

intermittent

sandstone or shale.

subordinate

layers

or

horizons .of

Although Mississippian strata is better exposed

than Cambrian or Devonian; good, complete, continuous exposures are
very rare.

Exposed sections are often obscured by thrusts or

structural thickening by minor thrusts throughout the range.
exposures

of

Mississippian

distinguish in the field,

limestones

are

often

Isolated

difficult

to

especially within structurally complex

areas.
Mississippian strata is currently divided into two groups, the
Madison Group and the Snowcrest Range Group.

The Madison Group

represents the lower Mississippian whereas the Snowcrest Range Group
represents the upper Mississippian and lower Pennsylvanian.

The

Snowcrest Range Group is a relatively recent designation proposed by
Wardlaw and

Fecora

(1985)

for material

in southwestern Montana

equivalent to the Big Sncwy and Amsden Groups of central Montana.
Madison Group
The

Madison

Group

overlies

Devonian

rocks

conformably

consists of two formations: the Lodgepole and Mission Canyon.

and
The

best exposure of these two formations is within the core of the West
Fork and Clover Creek anticlines along the Blacktail
Road (14,15,22,23-12S-6W).
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Lodaepole Formation
Although the contact with Devonian strata is not exposed, a
nearly complete section of the Lodgepole Formation is present along
the West Fork Blacktail Deer Creek.
exposed

has

communication,

been
1987)

identified
as

the

by

The lowest Lodgepole horizon
Dr.

Paine

William

member

Sando

which

(personal

consists

of

rhythmically alternating thin layers and partings of argillaceous,
silty, shaley micrite with thin limestone beds which stand out in
relief.
The Woodhurst member is stratigraphically above the Paine.

This

member is composed of cyclical repetitions of thin-bedded micrite,
silty dolomite seams, and extremely fossiliferous bicmicrites along
with subordinate interbedded siltstones and shales.

The upper half of

the Woodhurst member has. a distinctive reddish-orange coloration
similar to Woodhurst exposures in the Blacktail Range described by
Fecora (1981).
One hundred sixty eight meters

(550

ft)

of the Lodgepole

Formation has been calculated to be exposed within the core of the
West Fork and Clover Creek anticlines and a total thickness is
estimated to be 274 m (900 ft).

Keenmon (1950) and Ziegler (1954)

estimated the exposed thickness of the Lodgepole formation along the
Blacktail Road to be 168 and 183 m (550 and 600 ft) respectively.
Gealy (1953) measured a possibly complete section to be 260 m (854 ft)
approximately 12 km (7.5 mi) to the north.
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Mission Canyon Formation
The Mission Canyon Formation overlies the Lodgepole Formation
conformably and the contact has been mapped as the top of the highest
thinly bedded,

shaley limestone interval of the Woodhurst member

beneath massive, coarsely crystalline limestones and dolomites.
Bedding or layering within the Mission Canyon Formation is
difficult to determine but
stringers or nodules.

is commonly defined by black chert

The Mission Canyon Formation is a prominent

ridge and cliff former but is unfortunately discontinuously and poorly
exposed.

The upper portion of the Mission Canyon Formation contains

abundant solution-collapse breccia and distinctive solution features
which

represent

a

communication, 1986).

paleokarst

topography

(Sando,

personal

Features such as caves, arches, spires, and

sink holes are very conspicuous in the vicinity of the Blacktail Road
(Figure 5).

In seme locations the overlying reddish Kibbey Sandstone

of the Snowcrest Range Group appears to have, filled the solution pits
and sink holes in the upper Mission Canyon Formation.
Westernmost exposures of the Mission Canyon Formation have been
affected by thrusts and are extremely deformed.
completely brecciated (Figure 6).

Entire outcrops are

A portion of the limestones

involved with thrusts along the northwestern margin of the range (NE
NE 15-12S-6W), have been identified as lower Mission Canyon Coral Zone
II by Dr. William Sando (personal communication, 1987).

This horizon

was indicated by the fossil assemblage Vesiculophyllum sp., Serigosia
sp., and Svchmoelasna sp. (Sando, personal communication, 1987).
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Figure 5. Riotograph (looking southwest) of solution
features within the Mission Canyon Formation near
the Blacktail Road in the central Sncwcrest Range.
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Figure 6. Ehotograph of brecciated Mission Canyon Formation
deformed by thrusting within the West Fork thrust
zone of the central Sncwcrest Range.
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The Mission Canyon Formation is also exposed 5 km (3 mi) north of
the Blacktail Road where the nose of the West Fork anticline appears
to be repeated north of the Cornell Trail fault (WE NE 7-12S-5W; Plate
I). This exposure is quite different from that of the Blacktail Road
in that it does not contain any paleokarst features.
The Mission Canyon Formation was measured by Ziegler (1954) along
the Blacktail Road and

was determined to be 275 m (905 ft)

Gealy (1953) estimated

the

thick.

thickness further to the north to be

roughly 305 m (1000 ft). Based on outcrop pattern and dip the Mission
Canyon formation was calculated to be approximately 290 m (950 ft)
thick. '
Snowcrest Range Group
The designation Snowcrest Range Group has recently been applied
to rocks equivalent to the Big Sncwy and Amsden Groups of central
Montana (see, Maughan & Roberts, 1967; Maughan, 1984) and the Amsden
Formation of Wyoming (see Sando, Gordon, & Eutro, 1975).

This new

designation was made by Wardlaw and Fecora (1985) because they believe
the

previous

nomenclature

did

not

sufficiently

represent

carbonate-dcminated region of southwestern Montana.

the

Although the

Snowcrest Range has been termed the "type area" of the Snowcrest Range
Group, their type sections were measured elsewhere.
Recently,

more

detailed

stratigraphic

studies

have

been

conducted on the Snowcrest Range Group within the Snowcrest Range by
Byrne (1985) and Key (1986).

These more recent studies, as well as

observations made during this study, indicate that the type sections
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described by Wardlaw and Pecora (1985) do not adequately represent the
complete stratigraphic sequence present within the Snowcrest Range.
Exposures within the Snowcrest Range are significantly thicker and
contain lithologies that are absent elsewhere.
The Snowcrest Range Grot?) consists of three formations: the
Kibbey Sandstone, Lombard Limestone, and Conover Ranch Formation.
This grot?) overlies the Madison Group unconformably.

The best

exposures of these rocks are in the vicinity of Sawtooth Mountain
(4,5,8,9-12S-5W).

Other interesting exposures, although incomplete,

occur along the northwestern margin of the range northeast of the
Blacktail Road and in the vicinity of Sunset Peak (Plate I).
Kibhpy Rarricrf-rTrva
The Kibbey Sandstone forms the basal unit of the Snowcrest Range
Group (Wardlaw & Pecora, 1985) as well as the Big Snowy Group of
central Montana (Maughan & Roberts, 1967).

This unit is non-resistant

and poorly exposed but commonly distinguished by red soil zones.

Good

exposures are very rare but occasional outcrops can be found.

A

possibly complete and well exposed section of the Kibbey Sandstone is
located

within

the

saddle

between

exposures

of

Mission

Canyon

Formation and Lombard Limestone 1.4 km west of Sawtooth Mountain (SW
SE 5-12S-5W; Plate I? Figure 7).

Mr. Gary E. Guthrie (personal

communication, 1987) of Marathon Oil Company believes this is the best
exposure of the Kibbey Sandstone in southwestern Montana and measured
the section to be 98 m (322 ft) thick.
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Figure 7. Riotograph (looking northeast) of a possibly
complete exposure of the Kibbey Sandstone (basal
unit of Snowcrest Range Group) within the central
Snowcrest Range.
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Hie exposure west of Sawtooth Mountain contains reddish-brown
dolamitic siltstones, shales, and sandstones that are interbedded with
dark grey to black limestones, gypsum, and dolomite breccias.

The

exposure is extensively fractured with calcite commonly filling the
fractures.

Large solution pits are present and same prospecting has

taken place in the area.

Guthrie (personal communication, 1987)

states that this exposure is anomalously thick and represents a tidal
flat,

sabka depositional environment which correlates well

with

Maughan's (1984) and Guthrie's (1984) interpretations of the Kibbey
Sandstone.

Although previously mentioned by Brasher (1950) and Gealy

(1953), Byrne (1985) apparently missed this exposure when he measured
a section near this vicinity.
The

Kibbey

Sandstone

appears

to

retain

a

thickness

of

approximately 91 m (300 ft) towards the southwest until the Blacktail
Road.

Southwest of the Blacktail Road it appears to thin and is no

longer distinguishable near the western boundary of the study area.
Flanagan (1958) describes a general thickening to the northeast of
Kibbey-like material from only a few feet near Wadham Springs to
approximately 61 m (200 ft) along the Blacktail Road.

Ziegler (1954)

estimated 116 m (379 ft) of the Kibbey Sandstone along the Blacktail
Road.

Byrne (1985) states that the Kibbey Sandstone is not present

along the Blacktail Road and was probably faulted out.

Small isolated

exposures of reddish dolamitic sandstones of the Kibbey Sandstone can
be found in section 23, T.12 S., R.6 W. along the Blacktail Road as
well as along the hinge of the West Fork anticline (Plate I).
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occurrence of any faults affecting the thickness of the Kibbey
Sandstone in this area is not apparent.
Significant thinning of the Kibbey Sandstone is well documented
across strike to the southeast.

The Cornell Camp well penetrated only

23 m (75 ft) of the Kibbey Sandstone (Guthrie, personal communication,
1987) whereas the Shell well, approximately 9 km (6 mi) further to the
southeast, apparently did not penetrate any of the Kibbey Sandstone
(Guthrie, personal communication, 1987; Perry, 1986).
Lombard T.impcrt-nrva
The Lombard Limestone is the dominant formation of the Snowcrest
Range Group and conformably overlies the Kibbey Sandstone within the
central Snowcrest Range.

The Lombard Limestone has been studied in

great detail by Byrne (1985) who measured and described sections
throughout the range.

This unit is a prominent ridge former and

consists of a series of thin- to thick-bedded limestones (wackestones,
padkstones, mudstones, and grainstones)
layers of calcareous silty shales.

interbedded with very thin

Isolated exposures of dark brown

sandstones approximately 20 feet thick are present in the lower
horizons which have also been noticed by Flanagan (1958).

Possible

Lspidodendron leaf impressions have been found in this particular
hori.zon (Maughan & Guthrie, personal communication, 1988).
Byrne (1985) divided the Lcmbard Limestone into four lithofacies
which consist

(going up section) of lime mudstones,

fossiliferous

wackestones, calcareous shales and dolamitic lime mudstones.
lower units tend to be poorly fossiliferous,

The

but some prominent
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gastropod horizons are present.
found.

Chert nodules also are commonly

The lower mudstones tend to weather light grey but are black

on fresh surfaces and are very petroliferous.

Geochemical analyses

preformed by Byrne (1985) on these mudstones and shales indicate a
moderate to good petroleum source rock potential.
Upper
containing

units

tend

abundant

to
and

be

more

large

fossiliferous

brachicpods

and

with
horn

horizons
corals.

Siohonophvllia sp., a large dissepimented solitary rugose coral, is a
key index fossil for the upper Lombard Limestone and represents Coral
Zone V which is Chesterian in age (Sando, personal communication,
1986).

The entire Lombard Limestone is believed to span from late

Meramecian to late Chesterian stages (Wardlaw & Pecora, 1985).
Seme unique horizons within the Lombard Limestone, which were not
described by Byrne (1985) or Wardlaw and Pecora (1985), are located
along the northwestern margin of the range 2 km (1.2 mi) northeast of
the Blacktail Road (SE NE 11-12S-6W) and along the hinge of the West
Fork anticline (SW SE 18-12S-5W). These horizons appear to have been
affected by tectonism during deposition and contain cobbles and
breccias encased by calcite spar and calcite laminations (Figure 8).
Same exposures are actually pink in color and resemble tufas (Figure
9)*
The stratigraphic thickness of the Lcmbard Limestone throughout
the Snowcrest Range is extremely variable.

These extreme variations

are probably due to the combination of fault-thickening and the
depositional environment.

Seme exposures within the study area

indicate extensive internal shortening by minor thrusts and extensive
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Figure 8. Photograph of laminated limestone cobbles within
the Lcmbard Formation in the central Sncwcrest
Range.
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Figure 9. Riotograph of Lombard Formation which resembles a
tufa within the central Snowcrest Range.
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folding (Figures 10 & 11) which causes anomalously thick stratigraphic
thicknesses.

True stratigraphic thicknesses in these areas are not

kncwn.
Byrne

(1985)

documents

a

general

thinning

Limestone to the northeast and southwest

of

the

Lombard

from the study area.

Sections measured by Byrne (1985) shew the Lombard to be 272 m (894
ft) thick at Red Rock River (8 km SW) and only 266 m (874 ft) at
Snowcrest Mountain (21 km NW) with a maximum thickness recorded in
between along the Blacktail Road.

Along the Blacktail Road the

Lombard Limestone has been measured by Byrne (1985) to be 617 m
(2023.0 ft) thick whereas Ziegler (1954) measured a thickness of 543 m
(1783 ft). Perry (1982) calculated a thickness of 716 m (2350 ft) for
the combined thickness of the Kibbey Sandstone and Lombard Limestone
here by utilizing Ziegler's (1954) geologic map.
In addition to being located along the southeastern limb of the
northeast-trending West Fork anticline, the Blacktail Road exposure is
located along the hinge of the southeast-trending Clover Creek
anticline.

The intersection of these large folds adds additional

structural complexities to this area
anomalously thick exposure here.

and may help explain the

The anomalous thickness could be the

result of two folding events since other localities have only been
effected by one.

Based on outcrop pattern and dip the Lombard

Limestone in this area was determined to be approximately 605 m (1986
ft) thick.
Byrne (1985)

attempted to calculate the amount of thickening

which occurred within the Lombard by assuming that his Sawtooth
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Figure 10. Schematic sketch of tectonically thickened
Lombard Limestone exposed within a glacial cirque
in the central Sncwcrest Range.
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Figure 11. Efcotograph and schematic sketch of a buckle fold exposed
within the Lombard Limestone in the central Sncwcrest
Range.
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Mountain exposure was complete.

Although Byrne's (1985) discussion of

the Sawtooth Mountain exposure indicates uncertainty of the measured
thickness, the thickness is probably not reliable because he missed
the Kibbey exposure and because the formation has already been shown
to have been affected by structural thickening

(Figure 10).

A

thickness of the Lombard Limestone near Sawtooth Mountain has been
calculated to be 411 m (1350 ft).
The Lombard Formation has extreme thickness variations within
short distances perpendicular to strike toward the southeast.
Cornell Camp federal well,

3 km

(1.9 mi)

In the

southeast of Sawtooth

Mountain, the Lombard Limestone was recorded to be only 8 m (25 ft)
thick

(Guthrie, personal communication,

1987).

There may be no

Lombard in the Shell well 9 km (5.6 mi) further southeast (Guthrie,
personal communication, 1987; Perry, 1986).
Conover Ranch Formation
The Conover Ranch Formation is the uppermost unit of the
Snowcrest Range Group and overlies the Lombard Limestone unconformably
within the central Snowcrest Range.

This rock sequence spans the

Mississippian-Fennsylvanian boundary and is considered to belong to
the late Chesterian to early Morrcwan stage (Key, 1986; Wardlaw &
Pecora, 1985).

In addition, it is considered correlative to part of

the Tyler formation and the Alaska Bench Limestone of the Amsden Group
in

central

Montana

communication,

(Byrne,

1985;

Key,

1986;

1988; Wardlaw & Pecora, 1985).

Maughan,

personal

The Conover Ranch
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Formation has been studied in great detail by Key (1986) who measured
and described sections throughout the Snowcrest Range.
The Conover Ranch Formation is a very heterogeneous rock sequence
which can be divided into lower and upper horizons within the central
Snowcrest Range.

The lower horizon fits the general description of

the Conover Ranch Formation made elsewhere by Wardlaw & Pecora (1985)
and is commonly found to be a non-resistant, valley former between the
more resistant Lombard Limestone and the upper horizon of the Conover
Ranch Formation.
poorly

exposed

mudstones,

Ihe lower horizon is dominated by a mixture of
reddish-

to

purplish-brown

and calcareous sandstones.

limestone beds also occur.

siltstones,

shales,

Subordinate thinly bedded

Exposures are commonly characterized by

grassy slopes with reddish or yellcwish-brown soil.

A resistant

limestone cobble conglomerate commonly occurs as isolated lenses along
the Lombard/Conover Ranch contact in association with iron stained,
well cross-bedded, sandstones.
The upper sequence of the Conover Ranch Formation is dominated by
resistant,

thin-

to

medium-bedded,

interbedded with thin shale layers.
transitionally

upward

into

the

Pennsylvanian Quadrant Formation.

lower

brachiopod-rich

limestones

These rocks tend to grade
dolomite

horizon

of

the

The contact between the Quadrant

and the upper Conover Ranch was arbitrarily placed at the base of the
lowest

massive

sandstone

or

(when

necessary)

where

dolomite

lithologies became dominate over limestones (after Key, 1986).

Both

Gealy (1953) and Key (1986) discuss the difficulty in defining the
lower Quadrant contact consistently in the field, but as Key (1986)
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mentions,

these

slight

variations

are

probably

insignificant

regionally.
Since the upper horizon of the Conover Ranch Formation is a
continuous, mappable horizon, Kay (1986) measured and described this
unit separately as an "unnamed limestone unit".
horizon was not discussed by Wardlaw & Pecora

Although this rock
(1985), the upper

horizon of limestones was included with the Conover Ranch Formation in
this study as suggested by Key (1986).
Key (1986) was able to show very close correlations between the
lower Conover Ranch,

his unnamed limestone unit,

and the lower

dolamitic horizons of the Quadrant Formation in the Snowcrest Range
with the Tyler, Alaska Bench, and Devil's Pocket formations of the
Amsden Group within the central Montana Big Snowy trough.

Key (1986)

argues that the lithologic units are continuous between the Snowcrest
and Big Snowy troughs and that Maughan and Robert's (1967) Amsden
Group classification is represented by the lithologies present within
the Snowcrest Range. . Guthrie (personal communication,

1987), who

studied the Big Snowy Group in the Bridger Range (Guthrie, 1984),
agrees with Key's (1986) conclusions and prefers the retention of
Maughan & Robert's (1967) nomenclature.

Observations made in the

field during this study support Key's (1986) discussion regarding his
unnamed limestone being a separate mappable unit.
Ihe

Conover Ranch Formation undergoes

significant thickness

variations throughout the Snowcrest Range, although the thickness
changes are not as significant as those in the Lombard Formation.

Key

(1986) documented thicknesses generally increasing to the southwest
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with measurements at Sliderock Mountain, Hogback Mountain, Sunset
Peak, and Sawtooth Mountain being

179, 225, 231, and 228 m (587, 739,

758, and 747 ft) thick respectively.

Along the Blacktail Road a

thickness of approximately 253 m (830 ft) was calculated for this
report.

An exposure at Red Rock River (8 km SW) was estimated to be

307 m (1008 ft) thick (Key, 1986).
thins rapidly to the southeast.

Ihe Conover Ranch Formation also

Thicknesses have been recorded within

the Cornell Camp well and the Shell well to be 107 and 61 m (350 and
200 ft) respectively (Guthrie, 1987; Perry, 1986).
Pennsylvanian
Quadrant Formation
Ihe Quadrant is the most prominent rock formation exposed within
the Snowcrest Range and forms the distinctive crests all along the
range's skyline (Figure 1).

Southwestward, the Quadrant becomes less

resistant and more subdued but still

forms

prominent hogbacks.

Excellent exposures are present in the northeastern portion of the
study area near Sunset Peak, but outcrops become progressively poorer
to the southwest where they eventually become grassy slopes.

The

Quadrant formation consists of two distinctive horizons which are
present throughout the range.
The lower horizon consists of medium- to thick,
orthoquartzites

and

dolomites

which

underlying Conover Ranch Formation.

are

gradational

interbedded
with

the

The sandstone intervals commonly

contain dolamitic cements and cross-beds.

Chert nodules are commonly

present within the dolomites.
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Ihe upper horizon of the Quadrant Formation is dominantly massive
orthoquartzites.

In seme localities the upper Quadrant appears as a

broken formation with shattered and brecciated blocks recemented.
broken Quadrant formation also forms resistant ridges.

The

In the

northeast portion of the study area the Quadrant forms extensive talus
slopes which ccmmonly cover the lower contact with the Conover Ranch
formation.
Ihe thickness of the Quadrant Formation has been measured by
Gealy (1953) at Spur Mountain (10 km. NE of the study area) to be 200
m (658 ft). Key (1986) measured a thickness of 275 m (901 ft) for the
Quadrant along Red Rock River.

Ziegler (1954) measured an anomalous

thickness of 333 m (1092 ft) for the Quadrant along the Blacktail Road
but his section appears to contain a significant amount of the Conover
Ranch Formation.

A thickness of approximately 244 m

(800 ft) of

Quadrant has been calculated along the Blacktail Road,

and

it

therefore fits the general thickening trend towards the southwest.
Towards the southeast within the Cornell Camp and Shell wells, the
Quadrant is scmewhat thinner but remains about 152 m (500 ft) thick
(Guthrie, personal communication, 1987; Perry, 1986).
Permian
Phosphoria Formation
Ihe Permian rocks within the Snowcrest Range have previously been
described

using

several

(Cressman & Swanson,

stratigraphic

nomenclatures

1964; Flanagan, 1958; Klepper,

1950; Schock,

Maughan, & Wardlaw, 1981).

different

Although previous workers have subdivided
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the Permian stratigraphy into various formations and members, all the
Permian rocks in this study have been combined as the Fhosphoria
formation for simplicity.

This was done because of the complex

intertonquing and discontinuity of the different horizons laterally as
noted by Cressman and Swanson (1964) who implied that regional mapping
of these units would be impractical.
The Fhosphoria Formation is not continuously exposed within the
central Snowcrest Range.

Good exposures are located directly beneath

the ridge crest near Sunset Peak, along the northeast face of Sawtooth
Mountain, and along the Blacktail Road,

The Fhosphoria formation

forms a distinctive topographic ridge or hogback which can be traced
throughout the study area.

Various trenches are intermittently spaced

throughout the study area which have been dug to expose certain
horizons of the Fhosphoria formation.

This was done by the United

States Geological Survey in the 1950's and 60's during a detailed
regional study of the western phosphate field

(see,

Cressman &

Swanson, 1964; Swanson, 1970).
Detailed stratigraphic studies of the Fhosphoria have been
conducted by Cressman and Swanson (1964), who measured and described
numerous exposures throughout the Snowcrest Range and southwestern
Montana.

Unfortunately, only a few of their measurements made within

the Snowcrest Range represent complete sections.

Additional sections

have been measured by KLepper (1950), Keenmon (1950), Gealy (1953),
Ziegler (1954) and Flanagan (1958).

Two sections measured during this

study are included in the appendices.
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The Fhosphoria Formation consists of a complex, heterogeneous,
combination of bedded cherts, sandstones, sandy limestones, dolomites,
and phosphatic shales and mudstones.

These units alternate throughout

the formation with massive chert beds present at several horizons and
dolomites dominating the basal sequence.

The phosphatic shale and

mudstone horizons are non-resistant, commonly covered and require the
trenches to be adequately examined.
The

Fhosphoria

Formation and
Formation.

Formation

conformably

overlies

the

Quadrant

is conformably overlain by the Triassic Dinwoody

The Fhosphoria/Quadrant contact is poorly exposed between

Sawtooth Mountain and the Blacktail Road due to extensive tree cover.
The Fhosphoria/Dinwoody contact is distinguishable throughout the
range and is marked by a distinctive topographic break between the
resistant tipper bedded chert unit of the Fhosphoria Formation adjacent
to the non-resistant lower shale unit of the Dinwoody.
Unlike the isopach map of the Permian rocks constructed by
Peterson
southwest,

(1981)

which

shows

a

general

thickening

trend

toward

measured sections throughout the southern and central

Snowcrest Range

indicate thickening toward northeast.

Sections

measured in the southeast at Wadham's Spring (Figure 2) by KLepper
(1950), Flanagan (1958), and Cressman and Swanson (1964) indicate a
Permian thickness between 185 and 186 m (607 and 611 ft). Along the
Blacktail Road, measurements of the Permian made by Keenmon (1950),
Ziegler (1954), and Flanagan (1958) are 130, 248, and 199 m (427, 815,
and 653 ft) respectively.

A measured section made during this study

(see Appendix B) along the Blacktail road indicates a thickness of
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200.7 m (658.6 ft).

Further to the northeast, measurements made near

Sunset Peak, Olson Peak, and Hogback Mountain indicate thicknesses of
236.5 m (776.4 ft) (this study), 281 m (923 ft) (Gealy, 1953), and 246
m (806 ft)

(Cressman & Swanson, 1964) respectively.

All previous

measurements made at Sawtooth Mountain are incomplete.
Thicknesses recorded in the Cornell Camp and Shell wells'indicate
a general thinning to the southeast, away from the range.
include

143

m

(469

ft)

on

the

hanging

wall

of

Thicknesses
the

Sub-

Snowcrest/Greenhom thrust and 110 m (360 ft) on the foot wall within
the Cornell Carp well (Guthrie, personal communication, 1988).

One

hundred and four meters (342 ft) of the Fhosphoria Formation was
measured within the Shell well (Perry, 1986).
Triassic
General Statement
The Triassic is represented by three distinct rock formations
which are easily recognized along the entire southeastern margin of
the central Snowcrest Range.

Going up section, these rocks include

the Dinwoody, Woodside and Thaynes Formations.

The best exposures of

these formations are located in the northeastern portion of the study
area in the vicinity of Sunset Peak.

Additional exposures which are

more accessible occur along the Blacktail Road but these are not as
well exposed.

Fortunately, where exposures are poor, the topography

commonly distinguishes contacts by distinct breaks in slopes due to
the changes in lithology.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

41

Regional stratigraphic studies of the Triassic in southwestern
Montana have been conducted by Moritz (1951, 1960) and Kummel (1960).
Sikkink (1984) conducted a more recent study concentrating on the
Thaynes Formation.
Dinwoody Formation
Ihe

Dinwoody

Formation

overlies

the

Ehosphoria

Formation

conformably and the contact marks an uneventful transition from the
Paleozoic into the Mesozoic.

The Dinwoody is characterized by a

chocolate brown weathering color and is divisible into two distinct
horizons: a lower shale member and an upper limestone member.

These

two members were first recognized within the Snowcrest Range by
Keenmon (1950) and Moritz (1951) who initially measured the Dinwoody
exposure together along the Blacktail Road.
Ihe lower shale member consists of thinly bedded, non-resistant,
calcareous shales and siltstones with several medium-bedded limestone
intervals forming distinctive ridges.

Lingula, echinoderm spines, and

pelecyopod shells are characteristic fossils within limestones of the
lower member and are helpful indicators when identifying isolated
exposures.

The upper limestone member consists of generally the same

units as the lower member, but limestones and dolomites are more
prevalent.

As in the lower member,

the limestone and dolomite

intervals create good topographic expression which are easily traced
laterally.

The upper contact with the overlying Woodside Formation is

marked by a very distinct break in slope and extreme color change to
the non-resistant, brick-red, Woodside shales.
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The thickness of the Dinwoody is not uniform regionally similar
to

older

northeast.

formations

and shows

a

general

thinning towards

the

Various thicknesses have been measured for the exposure

along the Blacktail Road by Keenmon (1950), Ziegler (1954), and Kummel
(1960) who recorded 201, 164, and 147 m
respectively.

(659, 537, and 483 ft)

Moritz's (1951) section (184 m or 605 ft) is the most

accurate thickness of the exposure.

To the northeast, a significantly

thinner section was measured during this study near Sunset Peak
(appendix B) to be 142.1 m (466.2 ft).

Gealy (1953) measured two

sections further to the northeast at Hogback and Sliderock Mountains
to be 167 m and 180 m (548 and 593 ft) thick respectively.

In the

northern Greenhorn Range and adjacent Gravelly Range Hadley (1960)
recorded thicknesses of 69 to 114 m (225 to 375 ft).
Towards the southeast within the study area, thicknesses of the
autochthonous Dinwoody Formation recorded within the Cornell.Camp and
Shell wells are 136 m (438 ft) and 163 m (535 ft) (Guthrie, personal
communication, 1988; Perry, 1986).

These tend to be.thinner than the

allochthonous units exposed in the range.

In the Blacktail Range 30

km (19 mi) west of the study area, Pecora (1981) measured a thickness
of 131 m (430 ft) of Dinwoody.
Woodside Formation
The Woodside Formation consists of non-resistant, bright red
siltstones, mudstones, shales, and minor limestones which overlie the
Dinwoody Formation conformably.

Although normally poorly exposed, the

unit forms distinctive valleys and saddles between the more resistant
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ridges of the Dinwoody and Thaynes Formations and

is commonly

identified by the presence of red soil.
The thickness of the Woodside Formation appears to vary slightly
throughout the Snowcrest Range and eventually pinches out to the
north.

Within the study area the thickness varies between 76 to 106 m

(250 and 350 ft).

Significant thinning of the Woodside appears to

occur near the western margin of the study area where the formation is
crossed by the Little Basin Creek (SW 5-13S-6W).
The thickness of the Woodside was measured in two locations
within the study area for this report: near Sunset Peak, (108 m or 353
ft) and along the Blacktail Road (93.6 m or 307.0 ft).

The Blacktail

Road exposure was previously measured by Keenmon (1950) to be 186 ft.
To the north of the study area, the Woodside appears to thicken
before it pinches out near Ruby Canyon.

Gealy

(1953) measured

thicknesses of 95 and 137 m (312 and 450 ft) at Hogback Mountain and 2
miles north of Hogback Mountain respectively.

Kummel (1960) published

a measured thickness of 186 m (610 ft) for the Woodside Formation at
Hogback Mountain.

This thickness is too great and is believed to be a

misprint because it is the same thickness recorded for the' Thaynes
Formation at the same location.

Further north at Sliderock Mountain,

Gealy (1953) measured 186 ft of Woodside.

At Ruby Canyon no Woodside

is present.
In the subsurface, measured thicknesses of the Woodside Formation
vary slightly.

The Cornell Camp well has 76 m (250 ft) and the Shell

well has 93 m (306 ft) (Guthrie, personal communication, 1987; Perry,
1986).
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Thavnes Formation
Ihe Ihaynes Formation is exposed along the entire length of the
Snowcrest Range as prominent hogbacks in the southwestern portion of
the range and as resistant ledges in the northeast.
overlies the Woodside Formation conformably,

Ihe Ihaynes

and the contact is

distinctive because of the more resistant Ihaynes limestones.

As

defined by Sikkink (1984), the Thaynes/Woodside contact was chosen as
the "lowermost major limestone ledge that outcrops above the red,
mudstones and siltstones of the Woodside" (pg 18).
Throughout the central Snowcrest Range the Ihaynes Formation is
characterized by three distinct horizons: a lower limestone, a middle,
sandstone, and an upper limestone.

These three horizons were first

defined and discussed by Moritz (1951).

In outcrop, the two limestone

horizons are slightly more resistant than the middle sandstone which
forms a well defined swale between the limestone ledges.
The lower limestone horizon consists of thin- to medium-bedded,
coarsely crystalline, wackestones and packstones (Sikkink, 1984) with
a slightly micritic matrix.
present.

locally seme dolcmitic horizons are

Seme units are slightly silty or sandy, and commonly thin,

interbedded shales, mudstones, and siltstones are present.

This lower

limestone horizon is the more resistant of the two and is the most
prominent ridge of the Triassic sequence.
Ihe middle sandstone horizon is composed mainly of fine grained
clastic rocks such as calcareous siltstones and sandstones.
thin, gray limestone beds are present locally.

A few

This horizon usually
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contains abundant sedimentary structures such as large ripple marks
and cross-beds.
The upper limestone horizon is very

similar to the

lower

limestone but appears to be slightly more fossiliferous and contains
same chert lenses or nodules as well as cherty sandstones.
Regional thickness trends of the Thaynes Formation indicates
deposition was influenced again by the presence of the Snowcrest
trough.

Thicknesses are significantly greater along the apparent

trend of the Sncwcrest trough with thinning of the Thaynes to the
north, east, and west.

Kummel (1960) indicates that pre-Jurassic

erosion in southwestern Montana has removed a significant amount of
Triassic material and that most sections are inccnplete.

Regardless

of this erosional event, the influence of the Sncwcrest trough is
still apparent.
Within the Snowcrest Range there appears to be three depocenters
with greater thicknesses of the Thaynes Formation separated by areas
of lesser thickness.

These thickness variations occur along the

apparent trend of the Snowcrest trough and represent seme of the
greatest thicknesses of the Thaynes measured regionally.
The maximum thickness of approximately 213 m (700 ft) (Sikkink,
1984) was measured in the thrust belt near Deep Creek, southwest of
Lima, but thins northeastward to 186 m (610 ft) at Little Basin Creek
(Flanagan, 1958).

The Thaynes begins to thicken towards the northeast

and is 192 m (630 ft) thick along the Blacktail Road (Sikkink, 1984).
Thickening continues tcwards the northeast where it has been measured
to be 206 m (675 ft) thick within the Cornell Camp well (Guthrie,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

46

personal communication, 1987).

From the Cornell Camp well the Ihaynes

begins to thin again towards the northeast where it was measured
during this study to be 123 m (405 ft) thick, approximately 2 km (1.2
mi) south of Sunset Peak.
Northeast of Sunset Peak, the Ihaynes begins to thicken once
again to 178 m (570 ft) at Hogback Mountain (Sikkink, 1984). However
Kummel (1960) and Gealy (1953) measured this same exposure to be 186
and 184 m (610 and 604 ft) thick respectively.

The Thaynes appears to

retain this thickness for at least an additional 3 km (1.9 mi)
northeast of Hogback Mountain, where it was again measured to he 183 m
(600 ft) thick by Gealy (1953).
The Thaynes begins to thin for the final time towards the
northeast where it eventually becomes truncated by the pre-Jurassic
erosional surface.

Gealy (1953) measured 125 m (201 ft) of Thaynes at

Yakima Creek, south of Sliderock Mountain, and Sikkink (1984) measured
46 m (150 ft) at Ruby Canyon.
The Thaynes thins significantly towards the southeast to 111 m
(365 ft) within the Shell well (Perry, 1986) and only 42 m (138 ft) in
the

southern Gravelly

Range

(Honkala,

1950).

Further to

the

southeast, Honkala (1950) measured only 26 m (85 ft) near Lakeview,
Montana.
Jurassic
Morrison formation
The Morrison formation is very poorly exposed throughout the
Snowcrest Range with only one good outcrop present within the study

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

47

area.

The Morrison is recognized throughout the central Snowcrest

Range as a narrow, grass-covered swale between the more resistant
Thaynes and Kootenai Formations.

Although Gealy (1953) and Ziegler

(1954) mention the possibility of a few feet of the Ellis Group being
present within the range, no lithologies representative of the Ellis
Group where recognized in the field.

Because of the lack of any

recognizable Ellis Group in the study area, the entire Jurassic
interval is assigned herein to the Morrison.
As mentioned earlier, extensive erosion occurred in southwestern
Montana before Jurassic deposition

(Kummel,

1960) and possibly a

second erosional event occurred after deposition of the Ellis Group
(Moritz, 1951).

Because of these events the Jurassic rocks rest

unconformably upon the Triassic Thaynes Formation.
The one good exposure of the Morrison Formation within the study
area is located along the southern boundary of section 25, T.12 S.,
R.6 W. between two prominent hogbacks of the Thaynes and Kootenai
Formations.

The Morrison Formation at this locality consists of non-

resistant gray and maroon clays, mudstones and shales.
The. thickness of the Morrison Formation is relatively small
throughout the Snowcrest Range with thicknesses varying from 4 to 47 m
(13 to 156 ft).
for

Keenmon (1950) estimated a thickness of 47 m (155 ft)

the Morrison

in the

area whereas

Ziegler

(1954)

reported

thicknesses of 26 to 30 m (85 to 100 ft) for the combined thickness of
the Ellis Group and Morrison Formation.

Thicknesses appear to vary

along strike with 30 m (98 ft) measured in the Cornell Camp well
(Guthrie, personal communication, 1987), 14 m (47 ft) near Sunset Peak
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(this study), 4 m (13 ft) at Hogback Mountain (Gealy, 1953), and 48
and 15 m

(156 and 80 ft) measured at Yakima Creek and Snowcrest

Mountain respectively (Gealy, 1953).
Southeast of the Snowcrest Range the Jurassic rocks begin to
thicken with 73 and 95 m (240 and 312 ft) penetrated by the Shell and
Peet Creek wells respectively (Perry, 1986).
Cretaceous
General Statement
Ihe Cretaceous section represents the thickest sequence of rocks
present in the vicinity of the Snowcrest Range and may be as much as
3048 m

(10,000 ft) thick.

The Cretaceous strata is dominated by

sandstones, siltstones, mudstones, shales, and conglomerates with a
few subordinate fresh water limestone horizons.
of the

Although the majority

Cretaceous rocks are not exposed at the

surface,

some

lithologies are available for detailed study.
Going up section, the Cretaceous rocks consist of the Kootenai,
Blackleaf, and Frontier Formations and the Beaverhead Group.

Within

the study area, the Beaverhead Group is composed of the Lima Limestone
Conglomerate and the Clover Creek Sandstone (Perry et al., 1988).
Because

of

poor

exposures,

intraformational

unconformities,

transitional contacts, and intertonquing of seme of units, defining
boundaries consistently at the same stratigraphic horizon for all
these different units is very difficult or impossible.

Because of

these difficulties, the Cretaceous rocks have been mapped as three
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separate units: the Kootenai Formation, the Blackleaf and Frontier
Formations undivided, and the Beaverhead Group undivided.
Numerous detailed stratigraphic studies have been conducted
specifically on these units in this region.

These include Suttner

(1969), Ryder and Ames (1970), Ryder and Scholten (1973), Suttner et
al.

(1981), Schwartz

(198?), Nichols et al.

(1985), Haley (1983,

1985), Dyman (1985a, b, c), DeCelles (1986), Berry et al.

(1988),

Schwartz and DeCelles (1988), and Dyman and Nichols (1988).
Kootenai Formation
The Kootenai Formation was deposited during Aptian time and rests
unconformably above the Morrison Formation (Suttner et al., 1981;
DeCelles, 1986).

The formation is present along the entire length of

the Snowcrest Range and typically forms a prominent ledge or hogback
adjacent to the less resistant Morrison Formation.

The Kootenai is a

heterogeneous unit with the various lithologies forming swales and
ridges which can be traced laterally along strike.
Recently, DeCelles (1986) and Schwartz and DeCelles (1988) have
described the Kootenai Formation as a combination of eight informal,
lithologically distinct, members.

In the central Snowcrest Range only

five of DeCelles' (1986) members are recognized and include (going up
section)

the first sandstone,

the lcwer fine-grained, the second

sandstone, the upper fine-grained, and the upper calcareous members.
The

Kootenai

represents

a

fining-upwards

sequence

which

was

interrupted with the deposition of a fresh water limestone (Suttner et
al.,

1981; Schwartz,

1982).

The Kootenai Formation is overlain
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conformably by the Blackleaf Formation (Schwartz, 1982; Dyman, 1985)
and the contact marks the beginning of Albian time (DeCelles, 1986).
Although

not

laterally continuous,

the

sandstone member is composed of a thin,
conglomerate.

base

of the

first

resistant chert pebble

The conglomerate layer averages approximately 5 ft

thick and contains a

fine-grained, non-calcareous,

sandy matrix.

Paleocurrent data indicates that the Fhosphoria Formation served as
the source rock for these chert pebbles (DeCelles,
exposed,

the

chert

pebble

conglomerate

served

recognizable lower contact for the Kootenai.

1986).
as

an

When
easily

Even when the basal

conglomerate is absent, the first sandstone member of the Kootenai
Formation stands in relief.

The first and second sandstones members

are very similar in the study area and consist of medium- to fine
grained, "salt and pepper" sandstones.

When exposed, the sandstones

commonly display well-developed cross-beds.
The sandstone members are overlain by the lower and upper fine
grained members which consist of poorly exposed mudstones, shales, and
siltstones.

The

fine-grained members are non-resistant and are

commonly identified as grassy slopes with green, gray, red and brown
soil zones.
The top of the Kootenai Formation is indicated by the presence of
the informally named "gastropod limestone."

This layer is a bluish-

gray biograinstone which is extremely rich

in gastropods.

The

limestone is well-bedded with interbedded thin mudstones partings.
The

unit

stands

in

relief,

is commonly

exposed,

is

laterally
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persistent, and is an easily recognizable unit in the field to mark
the upper contact of the Kootenai Formation.
The thickness of the Kootenai varies between 91 and 152 m (300
and 500 ft) in the study area.

The Shell well penetrated 116 m (382

ft) of Kootenai (Perry, 1986) whereas the Cornell Camp well recorded
152 m (498 ft) (Guthrie, personal conmunication, 1987).
study area, Gealy (1953) measured 150 m

North of the

(491 ft) of Kootenai on

Hogback Mountain and 128 m (419 ft) 4 km (2.5 mi) further to the
north.

For this study, 94 m (307 ft) of Kootenai was measured 3 km

(1.9 mi) south of Sunset Peak (see appendix B).

This section is

significantly thinner than other measured sections in the study area
but the thinning appears to have been caused by folding.
Blackleaf and Frontier Formations
The Blackleaf and Frontier Formations are very poorly exposed in
the study area and therefore have been combined and mapped as
Blackleaf and Frontier Formations undivided.

Detailed stratigraphic

descriptions of these formations are provided by Schwartz
Schwartz and DeCelles

(1982),

(1988), Dyman (1985a, b, c) and Dyman and

Nichols (1988).
The Blackleaf Formation has been sub-divided by Dyman (1985a,b,c)
into four informal lithologic units which include a lower transitional
clastic,

a lower mudstone-shale,

volcaniclastic.

an upper clastic,

and an upper

Fossils and palyncmorphs indicate that these units

were deposited during Albian time (Dyman & Nichols, 1988).

Although a

measured section of the Blackleaf Formation in the study area has been
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published (Dyman, 1985b, c), the majority of this section is covered
and poorly exposed.

Poorer exposures and structural complexities

prevent a complete section of the Blackleaf or Frontier Formation to
be examined elsewhere in the study area.
Units 1 and 3 of the Blackleaf Formation, the lower transitional
and upper elastics are rather similar and are differentiated by
recognizing the presence of unit 2, the
them.

mudstone-shale unit, between

Hie clastic units are dominated by quartz and chert-rich

sandstones

(sublitharenites

and

litharenites)

with

subordinate

siltstones, mudstones, shales, conglomerates, and limestones (Dyman,
1985a).

Unit 2, the mudstone-shale unit, is dominated by mudstones,

siltstones and shales with subordinate quartz-rich sandstones (Dyman,
1985a).
Unit 4, the volcaniclastic unit, is the thickest unit of the
Blackleaf

formation

and

is

lithologies (Dyman, 1985a).

recognized

by

its

volcaniclastic

The unit is dominated by porcellanitic

mudstones and volcanic sandstones.
The

Cencmanian

through

Turonian

Frontier

Formation

rests

unconformably on the Blackleaf Formation in the Snowcrest Range
(Dyman, 1985a). The Frontier Formation's lower contact is considered
to

be

the

first

significant

bed

of

coarse-grained

sandstone,

conglomerate, or non-volcanic shale above the mudstone dominated upper
volcaniclastic lithofacies of the Blackleaf Formation (Dyman, 1985a).
The Frontier is a heterogeneous formation and consists of sandstones
(litharenites,

lithic

arenites,

&

feldspathic

litharenites),
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conglomerates, shales, mudstones, limestones, porcellanitic mudstones,
thin coal, and siltstones (Dyman, 1985a).
The upper contact of the Frontier Formation appears to be marked
by a strong angular unconformity with the overlying Beaverhead Group
near Antone Pass (SE SE 15-12S-5W).
vertical
southeast.

whereas

the

overlying

Here, Frontier beds are nearly

Beaverhead

Grot?)

dips

25°-35°

The apparent unconformity appears to become progressively

less angular toward the southeast where it eventually becomes a
transitional,

conformable,

contact (33-12S-4W).

This conformable

contact is difficult to pick consistently because of the similar
lithologies and rapid lateral facies changes.
Dyman (written communication, 1987)

suggests establishing the

Frontier/Beaverhead contact in the central Snowcrest Range "at the
base of the first quartzarenite even though quartzarenites and "saltand-pepper" sandstones may occur together above this contact".

When

conglomerates occur stratigraphically lower than the quartzarenites,
Dyman (written communication, 1987) suggests the contact should be
drawn beneath the conglomerate if it consists of limestones, white
chert, and quartzites in various percentages.

The approximate contact

is also marked by a distinct break in slope because of the more
resistant Beaverhead Group lithologies.
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Beaverhead Group
The Beaverhead Grot?) is a massive, heterogeneous sequence of
interbedded,

synorogenic conglomerates,

sandstones and

limestones

which cover hundreds of square kilometers in southwestern Montana.
The Beaverhead was raised to Group status by Nichols et al. (1985) but
was originally named by Lowell and K L ep per (1953) who first recognized
its syrrtectonic origin.

Ryder and Scholten (1973) recognized the

various

within

facies

changes

the

Beaverhead

and

lithologically distinct members throughout the region.

mapped

ten

Within the

study area, these members include the Lima Limestone Conglomerate and
the Clover Creek Sandstone (Figure 12).

Beaverhead exposures within

the study area north of Antone Peak were not examined by Ryder and
Scholten (1973).
Nichols et al. (1985) raised the Lima Limestone Conglomerate to
formation status and Perry et al. (1988) later attributed the Clover
Creek and Snowline Sandstone units as associated distal

sands.

Examination of palyncmorphs extracted form the Clover Creek sandstone
within the study area have provided an age for these deposits of
Coniacian to earliest Campanian; an absolute age of 88-83 Ma (Nichols
et al., 1985; Perry et al., 1988).
Haley (1985) examined the Beaverhead Group in great detail and
offered an alternative classification system in which the source area
is the basis for formation status.

This new classification system was

suggested because it was known that the Beaverhead Group originated
from different, tectonically distinct source terranes (Ryder &
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Figure 12. Photograph of the Lima Limestone Conglomerate
of the Beaverhead Group exposed on Antone Peak,
central Snowcxest Range.
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Scholten, 1973): the Rocky Mountain foreland and the Cordilieran foldand-thrust belt.

Under Haley's

(1985) classification system the

Beaverhead Group within the study area is named the Antone Peak
Formation, which represents material whose source terrane was the
Blackball-Sncwcrest uplift.

The source terrane was determined by

analyses of clast composition, size, and imbrication in addition to
paleocurrent data and the proximity to the frontal thrust belt (Haley,
1985; Ryder & Scholten, 1973).
As mentioned earlier, the based, contact of the Beaverhead Group
with the underlying Frontier formation is marked by an extreme angular
unconformity near Antone Pass which progressively becomes less angular
towards the southeast until the contact becomes conformable and
transitional.

This relationship has also been discussed by Ryder and

Scholten (1973), Haley (1985) and Perry et al. (1988).

A similar

relationship has been reported by Beck (1960) and DeCelles et al.
(1987) for the Sphinx conglomerate in the Madison Range approximately
50 km (31 mi) to the east.
The two formations of the Beaverhead Group within the study area,
the Lima Limestone Conglomerate and Clover Creek Sandstone, appear to
intertonque with one another (Figure 13).

The sandstone facies tend

to dominate the lower and eastern portions of the deposit, whereas the
Lima Limestone Conglomerate dominates the upper and western portions.
The area north of Antone Peak was mapped during this study and is
dominated by the sandstone facies with subordinate limestone and chert
pebble conglomerates.
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Figure 13. Photograph of angular unconformity between the Lima
Limestone Conglomerate and the Clover Creek Sandstone of
the Beaverhead Group in the central Snowcrest Range.
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Haley (1985) reports a gradual, lateral transition frcm the Lima
Limestone Conglomerate to the Snowline Sandstone which represents a
natural fining-away sequence frcm the source terrane grading upward
into a progressively more proximal facies.

A similar situation has

been documented by DeCelles et al. (1987) for the much smaller deposit
of Sphinx conglomerate in the Madison Range which also shows fining
towards the east and coarsening upwards.
The T.imia Limestone Conglomerate is characterized by well-rounded,
Mississippian through Triassic limestone cobbles and boulders which
are ccmmonly exposed within a calcareous, sandy matrix.

Quartzite

clasts are generally rare but are common in an isolated exposure,
which may represent Haley's (1985) Red Butte Conglomerate of the
Beaverhead Group, along the northwestern flank of the range.

Here the

conglomerate rests on top of the late Mississippian Lombard limestone
(Plate I, Figures 14 & 15).

The large, well-rounded quartz cobbles

here are either Proterozoic Belt cobbles and/or Cambrian Flathead.
The

sandstone

facies

are

dominated

by

well-laminated

quartzarenites and "salt and pepper" sandstones interbedded with chert
and limestone pebble conglomerates.

In many locations, the sandstones

look identical to the Pennsylvanian Quadrant Formation.
The thickness of the Beaverhead Group within the study area has
been calculated by extending bedding planes beneath the deposit that
are exposed at the surface near the lower contact. If such a technique
is plausible, thicknesses of up to 1646 m (5400 ft) are expected to be
present within the study area (see Plates II-VII). The upper contact
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Figure 14. Riotograph (looking northeast) of the Cretaceous Lima
Limestone Conglomerate of the Beaverhead Group resting
unconformably above the Late Mississippian Lombard
Limestone of the Snowcrest Range Group in the central
Snowcrest Range.
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Figure 15. Fhotograph of the Lima Limestone Conglomerate of the
Beaverhead Group which contains large q u a r tz ite cobbles
along the western flank of the Sncwcrest Range.
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of the Beaverhead Group is an erosional contact with same Tertiary
basalts unconformably

deposited on top, approximately 3 km (1.9 mi)

east of Antone Peak (19-12S-4W).
Tertiary
Bozeman Group
A
Basin deposits representative of the Bozeman Group (as defined by
Robinson,

1963 and later modified by Kuenzi & Fields,

(1971) are

exposed along the entire northwestern flank of the Snowcrest Range
within the Sage Creek and Upper Ruby Basins.

Although these deposits

have been sub-divided into the Renova and Six Mile Creek Formations
(Kuenzi & Fields,

1971; Monroe,

1981), they have been mapped as

Tertiary rocks undivided for this study.

For this study, the Tertiary

rocks were only examined to define the structural relationships
adjacent to the normal faults (Snowcrest Range-Front normal fault
system) which bound the Tertiary basin on the southeast.
The

Renova

and

Six Mile

Creek

Formations

are bounded

by

unconformities and represent two major Cenozoic depositional events
(Kuenzi & Fields, 1971),

The Renova Formation is considered to have

been deposited during early Oligocene to early Miocene whereas the Six
Mile Creek Formation has been determined to be early to late Miocene
(Monroe,

1981).

These formations consist of a wide diversity of

coarse grained sedimentary deposits which are characteristically rich
in volcanic debris.
coarse

grained

The formations are interbedded with fine and

sandstones,

siltstones,

mudstones,

conglomerates,

volcanic ash, basalt flews and tuffs, /which all show rapid facies
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changes.

The top of the Six Mile Creek Formation is capped by a

prominent cliff-forming travertine layer near the West Fork Blacktail
Deer Creek (2-12S-6W). This unit is approximately 61 m (200 ft) thick
and consists of white, vugular, travertine limestone.
The Tertiary deposits have been approximated to be as much as
1829 m (6000 ft) thick within the deepest portions of similar basins
(Kuenzi & Fields, 1971).
Volcanics Undivided
Volcanic rocks within the study area represent a very small
percentage of the stratigraphic column and are only present in three
isolated locations.

On the geologic map, these deposits were all

mapped as Tertiary basalts.

Each of these deposits is unique and

requires a separate description.
The Little Basin Creek volcanics

(4-13S-6W)

are very poorly

exposed with only float present at the surface.

Because of the

similar elevations for the exposures, Keenmon (1950) identified these
rocks as quartz andesite flows.
Several other exposures of volcanic rocks are present roughly 3
km (1.9 mi) east of Antone Peak (19-12S-4W).

These exposures occur

above outcrops of the Beaverhead Group at approximately the same
elevation and are considered to be flows.

The unique characteristic

of these volcanics is that they enclose several massive exotic blocks
of Late Mississippian Lombard limestone which are. 30 m (100 ft) or
more in diameter (Figure 16).

Many smaller limestone and sandstone

fragments are also common within the volcanics (Figure 17).

The
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iWlgfJgll
Figure 16. Photograph and schematic sketch of very large exotic
blocks of late Mississippian Lombard Limestone encased in
Tertiary volcanics which are resting on Late Cretaceous
Beaverhead Group conglomerates.
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Figure 17. Photograph of Tertiary volcanics containing clasts of Late
Mississippian Lombard Limestone in the central Snowcrest
Range.
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smaller limestone and sandstone fragments are completely metamorphosed
whereas scone of the larger blocks show only alteration rims.
A basaltic dike which trends N 70 W is present in the vicinity of
Jones Creek (24-12S-4W) and can be traced for approximately 1.5 km (1
mi).

This dike is approximately three meters wide and forms a

resistant ridge or •'wall" across the open plain.

The basalt contains

flattered vesicles aligned parallel to hornblende mineral alignments.
Quaternary
Glacial Moraine
Glacial debris is commonly found within the stream valleys that
drain glacial cirques at higher elevations.

These moraine deposits

consist of jumbled, unsorted, unstratified mounds of large boulders
and glacial drift which are commonly grass covered, hummocky, and
poorly exposed.

Along the southeastern flank of the Beaverhead Group,

glacial debris

extends out of the major stream valleys onto the

lowlands to form extensive moraines (Plate I).

These deposits stand

in relief and cover up to two square kilometers each.

The moraines

are easily recognized in the field as well as aerial photographs and
are assumed to be of Wisconsin age.
Colluvium and Alluvium
Landslides, rockslides, and slump deposits are common within the
study area and have been mapped as colluvium.

These deposits tend to

be most prevalent among shale horizons within the Late Mississippian
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Snowcrest Range Group, within bentonite layers of Tertiary rocks, and
where steeply dipping beds are present.
A spectacular landslide is present along the West Fork Blacktail
Deer Creek within the Late Mississippian Lombard limestone (Figure
18).

Hie slide area is represented by a hummocky surface which

possesses flow structures and well-exposed slide scars.

Recent

movement is indicated by the randan orientation in which trees are
presently positioned (some horizontal) and striations preserved in the
soft clays.
All recent stream deposits or other unconsolidated detrital
material originally deposited by running water has been mapped as
alluvium.
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Figure 18. Riotograph of recent landslide deposit above the Lombard
Limestone along the Blacktail Road in the central
Snowcrest Range.
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CHAPTER III

FKE-IARAMIDE TECTONIC SETTING
General Statement
Throughout southwestern Montana, the Influence of pre-existing
structures on later deformation has been noted or documented in a
variety of different structural terranes (see Maughan, 1984; Maughan &
Perry, 1982; O'Neill, Ferris, Schmidt, & Hanneman, 1986; Perry et al.,
1981, 1983,

1988; Peterson,

1981; Schmidt & Garihan, 1979, 1983,

1986a, 1986b; and Schmidt & O'Neill, 1982) and it is not surprising to
have such a relationship within the central Sncwcrest Range.
Precambrian (Archean) Setting
Southwestern Montana has been referred to as the "basement
province"

(NfcMannis,

1965)

because this region

basement-involved foreland uplifts.

is dominated by

The cores of these uplifts are

exposed and have provided an opportunity for detailed petrographic and
structural
assemblages.

analyses

on

the

Archean metamorphic

(basement)

rock

Studies have determined that the basement has had a

complex structural and metamorphic history which includes at least two
Precambrian deformation events (Erslev, 1982, 1983; Heinrich, 1960;
Mogk & Henry, 1988; Reid, McMarmis, & Palmquist,

1975; Spencer &

Kozak, 1975; and Vitaliano et al., 1979).

68
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K-Ar and Rb-Sr dating of the basement rocks in southwestern
Montana by Giletti (1966, 1971), James and Hedge (1980), and O'Neill
(1988) indicates that the latest regional metamorphic event occurred
approximately 1.6-1.8 Ga.

Giletti (1966) defined the extent of this

metamorpliic event and determined an approximate southeastern boundary
between two Archean provinces which runs NE-SW and appears to merge
with the trace of the Snowcrest Range (Figure 19).

This boundary

differentiates rocks to the northwest which are 1.6-1.8 Ga from
considerably older material to the southeast (2.7 to 3.2 Ga).

The

1.6-1.8 Ga thermal event may correlate with the Hudsonian orogeny
(Condie,

1975)

and

distinguishes

material

associated

with

the

Churchill province to the northwest from material associated with the
Wyoming province to the southeast (Condie, 1975; Fountain & Desmarais,
1980).
Mogk and Henry (1988) recognize an earlier regional metamorphic
event

(2.75-2.70 Ga)

within the basement

rocks

of southwestern

Montana.

This earlier event apparently affected the eastern Beartooth

Mountains-

wherr

calc-alkaline granitoids intruded older crustal rocks

(3.4-3.2 Ga) \ .ich are now exposed as xenoliths (Mogk & Henry, 1988).
Because of the disparity in ages and the juxtaposition of
different lithologies in the basement rocks of southwestern Montana,
both Fountain and Desmarais (1980) and Mogk and Henry (1988) suggest
collisional tectonics may be responsible for the basement deformation
(Figure 19).

Fountain and Desmarais (1980) believe that a major

"suture zone" exists in southwestern Montana between the Churchill and
Wyoming provinces as a result of an early Proterozoic Himalayan-type
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continental collision.
model,

Fountain and

Using the Wabowden terrane of Manitoba as a
Desmarais

(1980)

point out similarities

in

structures and lithologies representative of such a contact.
Mogk and Henry (1988) believe that the collapse of an Archean
Tethyan-type basin caused by continental collision may be responsible
for the earlier

(2.75-2.70 Ga) metamorphic event.

The proposed

"suture zone" in southwestern Montana is a very wide and gradational
contact with numerous planes of shear which are not considered to be
represented by a single plane.
The protoliths

of the metamorphic assemblages

involved are

believed to be graywackes, volcaniclastics, carbonates, minor chert,
and pebbly mudstones which have been deposited on a distal shelf or
miogeosyncline (Erslev, 1983; James & Hedge, 1980; and Vitaliano et
al., 1979).

Fountain and Desmarais (1980) consider the depositional

environment to be an accretionary prism of a subduction complex with
carbonate facies attributed to small basins commonly found on top of
accretionary prisms (Fountain & Desmarais, 1980).

In contrast, Mogk

and Henry (1988) believe that supracrustal rocks and platform type
sediments deposited in an ensialic or Tethyan-type basin were the
protoliths of the metamorphic assemblages in the Sncwcrest Range
region.
Structuredly, an ancient collisional boundary is supported by
basement trends and fabric.

Erslev (1982) documented the Madison

mylonite zone which lies southeast of and parallel to Giletti's (1966)
thermal boundary (Figure 19).

The shear zone is a major NW-dipping

reverse fault which is approximately 3 km (1.9 mi) wide and over 150
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km (93 mi) long (Erslev, 1982).
zone

Although it is not the major suture

(correlations can be made across

it), it resides

in the

transition zone between the younger province to the northwest and the
older province to the southeast (Erslev, 1982; Spencer & Kozak, 1975).
Erslev

(1982)

believes the mylonite

zone may parallel

Hudsonian suture which lies further to the northwest.

a major

In addition,

Mogk and Henry (1988) have identified a similar shear zone (Mirror
Lake shear zone) in the Spanish Peaks of the northern Madison Range
which parallels the Madison mylonite zone.
Small

scale

features also have a

structural grain within the Churchill
Spencer & Kozak, 1975).

strong northeast-trending
province

(McMannis,

1965;

Major fracture orientations, well-developed

foliation, and minor shear zones within the basement of the Snowcrest
Range follow the northeast-trend.

Spencer & Kozak (1975) noticed a

strong divergence in structural trends between the two provinces.
Mesoscopic folds within the basement northwest of the mylonite zone
indicate a prominent northeast-trend, whereas rocks southeast of the
mylonite zone have preserved a prominent northwest-trend (Spencer &
Kozak, 1975).
The prominent northeast-trending basement structures which were
developed during the 1.6-1.8 Ga metamorphic event initiated zones of
weakness which are believed to have been reactivated as many as three
tiroes during later deformational episodes (Maughan & Perry, 1982;
McBride, Schmidt, Guthrie, & Sheedlo, 1988; Sheedlo, 1984).
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Middle Proterozoic (Beltian) Setting
After the probable collisional event of the Late Archean and/or
Early Proterozoic, the North American craton was affected by a major
rifting event which severely altered the basement configuration in
southwestern Montana.

Rifting began approximately 1.5 Ga and formed

an intercontinental basin (Winston, 1986).

Hie basin proceeded to

fill with Middle to Late Proterozoic sedimentary deposits of the Belt
Supergroup until rifting resumed approximately 800 Ma (Obradovich,
Zartman, & Peterman, 1984; Stewart, 1976).

The previous west coast of

the continent became separated and eventually became part of the
Siberian craton (Sears & Price, 1978).
The eastern cratonic rift margin passes through western Montana
and a probable failed aulacogen (central Montana trough) dominates
central Montana (Figure 20).
margin,

Because of the proximity to the rift

southwestern Montana probably underwent extension during

Middle Proterozoic time.

Schmidt and Garihan (1979, 1983)

first

attributed and later documented that the prominent northwest-trending
fault system of southwest Montana was the result of Middle Proterozoic
extension (Figure 20).

The age of the northwest-trending faults were

determined by the presence of Middle Proterozoic diabase dikes in the
fault zones and separations within Archean rocks which do not agree
with separations of the Cambrian unconformity (Schmidt & Garihan,
1979, 1983).
The dikes are aligned parallel to the northwest-trending faults
and probably intruded along them during extension (Schmidt & Garihan,
1979).

The dikes have been dated by Wooden, Vitaliano, and Koehler
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Figure 20. Palinspastic iscpach map of the Late Proterozoic Belt Super
Group which probably delineates the position of the
probable Middle Proterozoic failed aulocogen and cratonic
rift margin in western and central Montana (from Peterson,
1981).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

75

(1978) using Rb-Srand their ages indicate two periods of intrusion:
1455-1430 Ma and 1130-1160 Ma.

A U-Ro date obtained by Zartman,

Peterman, Obradovich, Gallego, and Bishop (1982) for a sill which
intruded near the base of the oldest Belt sediments supports the age
of the earliest extensional event recorded by Wooden et al. (1978)
with an age of 1433 Ma.
the

northwest-trending

The synchronicity of the sill with same of
dike

intrusions

strengthens

Schmidt

and

Garihan's (1979, 1983) arguments that the northwest-trending faults
are related to Middle Proterozoic rifting.
The northwest-trending faults have produced prominent zones of
weakness throughout the basement rocks of southwestern Montana.

These

faults have been reactivated during Late Cretaceous and Cenozoic time
within the Tobacco Root, Ruby, Highland, and Madison Ranges
& Garihan, 1983, 1986a; O'Neill et al., 1986).

(Schmidt

Faults of this same

set have strongly influenced the tectonic development of the Snowcrest
Range.
Paleozoic Setting
Middle and Upper Cambrian rocks mark the beginning of Paleozoic
sedimentation in southwestern Montana as a transgressive sequence onto
the passive margin of the stable craton (Peterson, 1981).
obtain a thickness in excess of 300 m

(1000 ft) and represent a

slightly thickened section within the Snowcrest trough
1981)

(Figure 21).

These rocks

(Peterson,

Cambrian sedimentation throughout Montana was

influenced mainly by the location of the Proterozoic central Montana
trough.

Similarly, the thickening of Cambrian sediments which formed

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

76

o
®

CD

a
®
c
o
r~

s
I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 21. Palinspastic isopach map of Cambrian strata in Montana
(modified from Peterson, 1981).
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the initial Snowcrest trough may indicate that normal fault movement
(down to the northwest) also occurred but along the structural grain
or "suture zone" of the basement (Snowcrest lineament) during Cambrian
time.
After

Ordovician

and

Silurian

erosion,

shelf

sedimentation

continued in southwestern Montana and the Snowcrest trough remained an
active site of deposition until Permian time.
to

be

the

result

of

a

The trough is believed

northeast-trending,

northwest-dipping,

downthrown block adjacent to the Beartooth shelf (Maughan & Perry,
1982).

Because of the discontinuous and limited exposures of Devonian

and Mississippian Madison Group rocks, only the general trends of the
trough geometry can be determined from isopachs of these Early
Paleozoic rocks.
Subsidence of the trough was greatest during the deposition of
the Late Mississippian Lombard Limestone (Figure 22).
sequences

within

the

Lombard

indicate

episodic,

Lithofacies
differential

subsidence within different parts of the basin along with basin-wide
subsidence and deposition (Byrne, 1985).

Stratigraphic thicknesses

normal and parallel to strike provide control for the geometry of the
trough.

The trough is believed to be the southwestern extension of

the Big Snowy trough in central Montana and the Williston basin of
North Dakota (Key, 1985; Maughan, 1984)

(Figure 22).

The trough

extends westward and opens up into the Cordilleran miogeosyncline
(Key, 1985).
The trough is interpreted to have been a northeast-trending,
listric, half-graben which was recurrently active throughout the
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Figure 22. Palinspastic isopach map of Upper Mississippian- ^_
Pennsylvanian strata in Montana. SGLf S n o w crest-G reen iio rn
lineament (modified from Peterson, 1981).
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Paleozoic.

Growth faulting probably caused slight rollover for older

units into the northwest-dipping normal fault

(Figure 23).

This

listric interpretation is supported by the great change in thickness
of upper Paleozoic formations across the Snowcrest lineament and
agradual thinning of these formations northwest of the lineament.
Cornell Carp well, which penetrated only 8 m

The

(25 ft) of Lombard

Limestone, appears to be very close to the Beartooth shelf margin.
The Lombard exposed along the Blacktail Road is the greatest thickness
recorded (>457 m or >1,500 ft), and represents one of the deepest
portions of the trough.

If a listric normal fault interpretation is

correct, this thickness variation obviously requires approximately 457
m

(1,500

ft)

of

vertical

Meramecian/Chesterian

time.

separation
This

is

to

have

comparable

occurred
to

during

structural

displacements adjacent to the Beartooth shelf within the Big Snowy
trough during this same period (Maughan, 1984).
Gradual thinning of the Lombard occurs towards the northwest with
a thickness of approximately 126 m (415 ft) (Wardlaw & Fecora, 1985)
in the Blacktail Range (40 km or 25 mi NW).

Lithofacies within the

Blacktail Range represent a much more stable platform environment
compared to the Snowcrest trough.

This area behaved as a hinge zone

for subsidence in the Snowcrest trough (Byrne, 1985; Key, 1985).

The

slight rollover may be indicated by the slightly steeper dips recorded
along the Blacktail Road within the Mission Canyon Formation and
Lombard Limestone which are in contact with more gently dipping strata
of the overlying units.

Maximum rollover has been calculated to not

exceed 5° .
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Similar stratigraphic relationships are represented by the rest
of the Upper Paleozoic units, but the thickness changes are not as
abrupt as in the Lombard Limestone,

This is probably a result of

slcwer subsidence occurring within the trough during these later
times.

Differential

subsidence and uplift during the Permian,

occurred during both marine and non-marine sedimentation and caused
some sediments to be intrabasinally derived (Schwartz & DeCelles,
1988).
Movement on the northwest-trending faults of Proterozoic origin
appears to have accommodated differential subsidence within the trough
(Maughan & Perry, 1982).

The thickness variations which occur along

strike of the Snowcrest Range that are not a result of Jurassic
erosion may be attributed to this differential subsidence within the
trough.

Localized deposits of limestone cobble conglomerate at the

base of the Conover Ranch Formation may have been derived from
northwest-trending fault scarps as well as the Beartooth shelf edge
during late Mississippian time (Key, 1985).
Regionally,

the

Paleozoic

tectonic

setting

of

the western

Cordillera was dominated by the formation of the Klamath-Sierra island
arc complex during Ordovician time.

The arc complex is believed to

have caused miogeosynclinal deposition to be trapped in a large back
arc basin along the west coast.

The Antler orogeny, which occurred

during Late Devonian/Early Mississippian time, is attributed to the
first stage of closure of the back arc basin which caused the
obduction of sediments and formed the Roberts Mountain allochthon
(Burchfiel & Davis, 1972, 1975).

Large volumes of Paleozoic sediments
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continued to be deposited within the back arc basin and eventually
became the material involved in the Cordilleran fold-and-thrust belt.
The second and third stages of closure within the back arc basin
produced the Sonoma (Burchfiel & Davis, 1975) and possibly the Sevier
Orogenies respectively.
Within the Snowcrest Range, there are no recognizable structures
that appear to be influenced by the compressional events of the Antler
Orogeny.

Although, Maughan (personal communication, 1988) states that

stratigraphic evidence indicates the area was elevated to some extent
during Antler time.

Tectonism associated with the development of the

Sonoma orogeny may have caused the unstable environments recorded in
the Permian lithologies.

The continual growth of the Snowcrest trough

throughout Paleozoic time may be attributed to a basement response to
the expanding back arc basin suspected by Burchfiel & Davis (1975)
(Sheedlo, 1984).
Early Mesozoic Setting
During the Mesozoic, southwestern Montana was characterized by
several

concurrent

tectonic

interacted with one another.

events

and

structural

styles

which

The various tectonic styles are believed

to be mechanically related to the eastward migration of tectonism
caused by the evolution of the Cordillera (Schwartz & DeCelles, 1988).
Unfortunately,

a mechanical model

linking the various styles of

Cordilleran and Rocky Mountain Foreland deformation has not been fully
recognized.

However, Schwartz and DeCelles (1988) have accurately

correlated the timing of terrane accretion, plutonic and metamorphic
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events,

and thrusting within the Cordillera with

intra-foreland

uplifts, magnetism, and sedimentation within the foreland.
Sedimentological studies conducted on the Mesozoic lithologies in
southwestern Montana indicate that embryonic uplift occurred near
present day structures of the Snowcrest Range as long ago as Middle
Jurassic time (Schwartz & DeCelles, 1988; Schwartz, 1982; Suttner et
al., 1981).

The Blacktail-Snowcrest uplift has apparently experienced

multiple pulses of embryonic uplift during the Jurassic and Early
Cretaceous before maximum uplift

in Coniacian time

(Schwartz

&

DeCelles, 1988).
The initial uplift pulse occurred during the Middle/Late Jurassic
when the Stikinia terrane accreted along the island arc complex off
the coast of North America as envisioned by Saleeby (1983) (Schwartz &
DeCelles, 1988).

Apparently, the collision caused compression which

initiated thrust movement along zones of weakness within the intra
foreland basement (Suttner, personal communication, 1985).

Jurassic

erosion records the timing of the uplift and indicates that the
Blacktail-Snowcrest region was an uplifted highland area (Figure 24)
In

addition,

Upper

Triassic

and

Jurassic

rocks

beneath

the

unconformity record progressively unstable tectonic conditions on the
shelf platform (Schwartz, 1983).
After the Stikinia terrane accretion, the encroachment of the
thrust belt eastward began and the incipient Cordilleran foreland
basin was initiated (Schwartz & DeCelles, 1988).

Stratigraphic and

petrographic analyses indicate that the foreland basin was partitioned
and contained lithologies that were derived intrabasinally (Schwartz &
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Figure 24. Palinspastic isopach map of the Jurassic Ellis Group in
Montana (from Peterson, 1981).
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DeCelles, 1988, Schwartz, 1982; DeCelles, 1986; Suttner et al., 1981).
Unconformities, textural and compositional effects, and paleccurrent
data

indicates that several periods of uplift occurred in the

Blacktail-Snowcrest region during the deposition of the Kootenai,
Blackleaf and Frontier Formations (120-90 Ma)
1988; Schwartz, 1983; DeCelles, 1986).

(Schwartz & DeCelles,

This period of uplift may

correspond to the accretion of the Seven Devils/Wrangellia terrane off
the North American coast in Idaho
Schwartz & DeCelles, 1988).

(Monger,

1982; Saleeby,

1983,

Terrane accretion may be postulated as

the cause of renewed movement of the Blacktail-Snowcrest uplift.

Even

though the thrust belt had been active since Late Jurassic time, the
collision of the microplates may have increased the applied force
against the craton above that which could be equilibrated by thinskinned thrusts, producing thrust movements within the basement.

Once

the terranes became detached from the subducted plate, they may have
lost their applied force and basement uplift in the foreland stopped.
As mentioned earlier, the Cordilleran thrusts during this time may be
the result of continued closure of the back arc basin.
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CHAPTER IV

DESCRIPTIVE ANALYSIS OF LARAMIDE DEFORMATION IN THE
CENTRAL SNOWCREST RANGE
Regional Laramide Tectonic Setting
In late Cretaceous

time,

southwestern Montana began to be

affected by the eastward migration of the Cordilleran orogeny.
this

time,

extensive

andesitic

magmatism

associated

with

By
the

subduction of the Farralon oceanic plate finally reached this eastern
region (Klepper, Robinson, & Smedes, 1971; Klepper, Weeks, & Ruppel,
1957).

The magmatic

shift was

accelerated plate convergence

compounded by

(Coney,

1978;

the

effects

Engebretson,

Cox,

of
&

Gordon, 1985) and the possible collapse of the fringing island arc and
back-arc basin complex to the west.

Beginning in Coniacian time, a

large-scale, Laramide, basement-involved uplift was initiated in the
Blacktail-Snowcrest region of the craton (Nichols et al., 1985) while
Sevier style thrusting continued to the north, west, and south (Skipp,
1988; Schmidt & O'Neill, 1982; Wiltschko & Dorr, 1983).
Because of the coeval nature and proximity of these events,
interactions between the thrust belt,

the

foreland uplifts,

magmatism occurred within the "overlap province"

and

(Kulik & Schmidt,

1988; Schmidt & Hendrix, 1981; Schmidt & O'Neill, 1982; and Perry et
al.,

1981,

1983,

1988).

It has been suggested that the large

eastwardly-concave salient of the thrust belt around the BlacktailSnowcrest uplift and other basement uplifts of southwestern Montana
86
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was caused by a "buttress" effect in which the pre-existing uplifts
blocked the eastward propagation of thrusts (Beutner, 1977) (Figure
25).
The Snowcrest Range represents the frontal thrust system and
associated

folds

of

the

Blacktail-Snowcrest uplift.

southeast-verging,
During uplift

basement-involved,

in Coniacian through

Mastrichtian time, massive volumes of synorogenic debris were shed off
the advancing thrusts (Haley, 1985; Ryder & Scholten, 1973, 1986).
These deposits formed the Beaverhead Group which is composed of
limestone cobble conglomerates and sandstones and now dominate the
central region of the study area (Plate I).

The Beaverhead deposits

eventually became deformed with continued uplift.
Other basement-involved foreland uplifts were initiated somewhat
later than the Blacktail-Snowcrest uplift.

Deformation migrated from

west to east to form the Gravelly-Madison uplift and the Bridger
Ranges respectively (Schmidt & Garihan, 1983).

A deposit similar to

the Beaverhead Group was also shed off the advancing Gravelly-Madison
uplift to form the Sphinx Conglomerate in Masstrichtian time (DeCelles
et al., 1987).
Description of Faulting
General Statement
The Sncwcrest-Greenhorn thrust system represents the frontal
thrust system of the Blacktail-Snowcrest uplift.

It consists of a

complex package of thrust imbricates, splays and shear zones which are
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interpreted to merge at depth within the Precambrian basement rocks.
They may flatten at depth and splay from a regional zone of detachment
within the. basement (Figure 26).
The thrust system and its associated southeast-verging folds has
been called the Sncwcrest structural terrane (Perry et al., 1981,
1983, 1988).

It extends for over 90 km (60 mi) from Virginia City

southward to the cordilleran thrust belt located south of Lima (Figure
3).

The thrust system trends anomalously northeast and is the only

Rocky Mountain foreland uplift in Montana with this trend.
other

foreland

northwest.
Mountain

uplifts

in Montana

either trend

All the

north-south

or

Northeasterly trends are also rare elsewhere in the Rocky
foreland.

The

southwestern

margin

of

the

Snowcrest

structural terrane is "overlapped" by structures of the Cordilleran
fold-and-thrust belt (Perry et al., 1981, 1983, 1988; Scholten, 1967).
Thrusts of the Snowcrest-Greenhom thrust system dip northwest.
They appear to become progressively more gently dipping towards the
southeast with dips varying from approximately 40° NW along the
northwestern margin of the range to roughly 10° NW in the southeastern
region of the study area.

The progressive change in the dip values

suggests a change from an exposed thrust ramp to nearly flat thrusts
which may follow bedding.

The 10 degree dip northwest has been

increased slightly because this region is located on the western limb
of the Gravelly-Madison uplift to the east.
have

been

determined

by

three

northwestern flank of the range.

point

The dip of the thrusts
calculations

along

the

In the southeastern region of the

study area, the dip of the thrusts was approximated by constructing
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Figure 26. Idealized block diagram illustrating the positions of the
various thrust zones and tear faults in the central
Snowcrest Range.
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cross sections which incorporate bedding orientations, short fold
wavelengths and the proximity to the major basement involved thrusts
which they are believed to be associated with as splays.

The short

fold wavelengths indicate a shallcw detachment and the proximity to
the major thrusts requires a gentle dip if the easternmost thrusts
merge at depth before involving basement rocks.
The Snowcrest-Greenhom thrust system has been described in terms
of two thrust zones; a western (Snowcrest thrust zone) and an eastern
(Greenhorn thrust zone)

zone (Sheedlo,

1984),

Mapping and cross

sections for this investigation indicate that the Sncwcrest-Greenhorn
thrust system can now be divided into at least seven thrust zones
(Figure 26).

These are from west to east: the West Fork,

the

Snowcrest, the Greenhorn (Sub-Snowcrest), the Clover Creek., the Bonita
Spring, the Centennial Divide and the Gravelly Range.

Many of these

thrust zones include numerous subsidiary thrust splays whereas others
have branch lines which form major connecting splays.
West Fork Thrust Zone
The West Fork thrust zone is the northwestemmost thrust zone
exposed

within

the

Snowcrest

Range.

The

zone

extends

for

approximately 12 km (7.5 mi) along the northwest margin of the central
Snowcrest Range

from 3 km

(1.9 mi)

southwest of the West Fork

Blacktail Deer Creek to approximately 2 km (1.2 mi) southwest of the
East Fork Blacktail Deer Creek (Plate 1).

The thrust zone consists of

numerous closely spaced thrust imbricates, connecting splays,
shear zones (Figures 27 & 28).

and

Stratigraphic throw on these thrusts
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Figure 27. Photograph (looking north) and schematic sketch of thrust
imbricates within the Mission Canyon Formation along the
western flank of the central Snowcrest Range in the West
Fork thrust zone.

thrust zone.
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does not exceed 1 km, and is smaller on the subsidiary splays and
shear zones.

Along the southwestern margin of the thrust zone,

maximum throw appears to have occurred with Mississippian Mission
Canyon Limestone placed on top of Late Mississippian/Pennsylvanian
Conover Ranch Formation (Plate 1).

The best exposures of the West

Fork thrust zone are located in or near sec. 11, T. 12 S., R. 6 W.
The West Fork thrust zone trends N 65° E and either merges with
or becomes truncated by Late Cenozoic normal faults in this region
(Plate 1).

Several normal faults appear to have reactivated previous

thrust planes and therefore have been mapped with both normal and
thrust fault symbols.

Ihe northeastern margin of the West Fork thrust

zone is bounded by a major tear fault which has permitted Precambrian
basement rocks from a lower thrust zones to obtain greater throw and
truncate the West Fork thrusts in sec. 33 T. 11 S., R. 5 W. (Plate 1).
Although the thrust zone trends N 65° E, many of the thrusts vary in
orientation from north-south to N 44° W, with dips of 24° to 34° W.
The orientations of the minor thrusts and shear zones can be measured
directly in the field.
The thrusts

are exposed primarily within

theMississippian

Mission Canyon Formation and Irmband Limestone, which, in seme areas,
have experienced severe brecciation and cataclasis (Figures 6 & 28).
The most interesting aspect of the West Fork thrust zone is that
limestone

and

quartz

cobble/boulder

conglomerates

Cretaceous Beaverhead Group have been involved
thrusts.

with

of

the

Late

seme of the

The conglomerate was deposited on a slight unconformity

above the Lombard Limestone and shows signs of faulting and shearing
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(Figure 14 & 29).

The quartzite cobbles commonly display fractures

which have been rehealed and represent either Cambrian Flathead and/or
possibly Precambrian Belt cobbles (Dyman, Guthrie, Haley, Ferry, &
Schmidt personal canmunication, 1987).
It is not known whether the conglomerate was deformed during Late
Cretaceous

thrusting

or

during

Late

Cenozoic

normal

faulting.

However, the conglomerate appears to be overlain by a thrust which
places Lombard Limestone above it.

If this exposure is truly

Beaverhead with Belt cobbles, it may represent the oldest deposit
exposed within the Snowcrest region and provide control on the
relative sequence and timing of thrust motions.

The conglomerate may

be the Red Butte Formation or reworked Little Sheep Creek Quartz
Conglomerate of Haley's (1985) Beaverhead Group classification system
(Ferry, personal canmunication, 1988).
The possibility that the conglomerate is a large lens along the
lombard/Conover Ranch contact is unlikely because there was no known
source for the quartzite cobbles during late Mississippian time (Ferry
& Maughan, personal canmunication, 1988).
Further to the northeast, the West Fork thrust system is not
exposed because greater throw on lower thrusts caused the thrust zone
to be shifted northwestward and later truncated by Late Cenozoic
normal faults.
Snowcrest Thrust Zone
The Snowcrest thrust zone lies beneath the West Fork thrust zone
and extends along the entire length of the Snowcrest Range.

Klepper
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Figure 29. Riotographs of faulted conglomerates of the Beaverhead
Group involved with the West Fork thrust zone along the
western flank of the central Snowcrest Range.
VO
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(1950) first recognized the Snowcrest thrust zone, and it has been
traced by Sheedlo (1984) and Hadley (1960) northeastward from the
study area into the Greenhorn Range.

The Snowcrest thrust zone is not

exposed at the surface everywhere and is a buried thrust (Figure 26)
whose tip line is inferred to be below the axial trace of three large,
continuous, anticlines (Sawtooth Mountain, West Fork, & Basin Creek
anticlines) which can be traced for approximately 12 km (7.5 mi)
southwest

(Plates I & VIII).

The southernmost anticline becomes

breached in the Henry Gulch quadrangle where the Snowcrest thrust zone
appears to be re-exposed as mapped by Perry et al.

(1988)

(Plate

VIII).
In the northern region of the study area, the Snowcrest thrust
and its subsidiary splays are well exposed near the East Fork
Blacktail Deer Creek (Plate I; Figure 30).

In this area the Snowcrest

thrust is characterized by Archean metamorphic rocks on the hanging
wall above overturned Late Mississippian rocks on the focrtwall.

The

exposed thrust begins approximately 2 km (1.2 mi) SW of the East Fork
Blacktai] Deer Creek and can be traced for approximately 4 km (2.5 mi)
northwest before it branches into a horsetail structure of subsidiary
splays in secs. 23-26, T. 11 S. R. 5 W.
involved

slivers

which

have

The splays are basement-

experienced

smellier

amounts

of

displacement and are therefore exposed in upright Cambrian and lower
Mississippian

units

Pennsylvanian strata

above

overturned

(Plates I-III).

late

Mississippian

and

Southwest of the horsetail

structure the stratigraphic throw on the Snowcrest thrust is at least
2.2 km (1.4 mi).

The individual splays within the horsetail structure
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Figure 30. Aerial photograph (looking northeast) and schematic sketch
of the Snowcrest thrust zone along the central Sncwcrest
Range.
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have experienced throws varying from .5 to 1 km.
region

have

been

calculated

approximately 37° NW.

by

three-point

The thrusts in this
methods

to

dip

This corresponds with a dip of 39° NW

determined by the largest stereonet concentration of shear fractures
in the Archean metamorphic rocks (Figure 31).

The strike of the

thrust determined by the three-point method was nearly identical to
that determined by the largest concentration of shear fractures.
The southwestern boundary for the exposed Snowcrest thrust zone
within the study area is a northwest-trending tear fault approximately
2 km (1.2 mi) southwest of the East Fork Blacktail Deer Creek.

This

tear fault was mentioned in the previous discussion of the west Fork
thrust

zone

and

is

located along the

scuthwesternmost Archean

metamorphic rock exposure in sec 33, T. 11 S., R. 5 W.

It may have

been caused by greater uplift along the Snowcrest thrust on the
northeast compared to the southeast.
The Srvcwcrest thrust zone is inferred to underlie the West Fork
thrust zones for two reasons.

First, the Snowcrest thrust zone

contains Archean basement rocks in the hanging wall above overturned,
northwest-dipping, Upper Mississippian rocks in the footwall.

These

overturned beds are involved in the same southeast-verging, overturned
anticline in which the West Fork thrust zone involves upright,
northwest-dipping, late Mississippian rocks in its foot wall (Plate
I).

For the Snowcrest thrust zone to lie above the West Fork thrust

zone, the Snowcrest thrust would have had to cut up section through
the Mississippian section, then reverse its trajectory and cut back
down through the Mississippian section and West Fork thrust zone on
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Maximum concentration: N54°E/39°NW

CP

Figure 31. Stereoplot showing the orientations of shear fractures in
the Archean metamorphic rocks exposed in the central
Sncwcrest Range (702 poles to fractures contoured at 1%,
3%, & 5%).
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the upright limb of the overturned Sawtooth Mountain anticline.

For

such a thrust trajectory to exist, the Sawtooth Mountain anticline
must have been a pre-existing structure truncated by the Snowcrest
thrust.

Such a thrust trajectory is unnecessarily complex and no

field evidence supports it.
Secondly, and more simply, both the West Fork and Sncwcrest
thrust zones dip northwest and the West Fork thrusts are exposed at a
higher elevation than the Snowcrest thrust zone with a right lateral
offset in their thrust traces.

Basic geometry requires the West Fork

thrust zone to be above the Snowcrest thrusts.
Stratigraphic throw on the Sncwcrest thrust

is inferred to

decrease towards the southwest to approximately 1.5 Jan within the
hinge region of Sawtooth Mountain anticline (Plate V).

Although the

thrust is not exposed in the southern portion of the study area, it is
inferred to exist in the cores of anticlines.

Within the West Fork

anticline the Snowcrest thrust may not cut the cover rocks but is
inferred to be related to the formation of the anticline (Plates VI &
VII).
Greenhom/Sub-Snowcrest Thrust Zone
The Greenhom/Sub-Snowcrest thrust zone is a zone of thrusts
which is not exposed in the southern or central Sncwcrest Range and is
poorly exposed along the eastern flank of the northern Snowcrest
Range.

This thrust zone was first recognized by Mann (1954) for

thrusts along the eastern flank of the Greenhorn Range which were
later suspected, recognized, and traced along the eastern flank of the
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northern Snowcrest Range by Gealy (1953), Hadley (I960, 1969) and
Sheedlo (1984) respectively.

Although Sheedlo (1984) was not able to

locate the thrust zone precisely because the actual trace is largely
obscured by landslides, he was able to infer its position by the
absence of overturned Cretaceous beds.

The abrupt transition from

overturned beds within the hanging wall to upright beds of the
focrtwall is believed to mark the thrust zone.

The thrust zone may be

reasonably extrapolated southward from Hadley's (1960) mapping in the
Greenhorn Range to this position.

The existence of the thrust zone is

required by the presence of the abrupt attitude changes in rocks which
must be underlain by basement.

Elsewhere in the Rocky Mountain

foreland sharply folded basement never exists in the absence of a
fault.

Sheedlo

(1984)

extrapolated the

Greenhorn

thrust

zone

southward to the point where it is buried beneath the Beaverhead Group
in sec. 21, T. 11 S., R 4 W.

(Plate I).

The placement of the

Greenhorn thrust zone beneath the Beaverhead Group is supported by the
presence of folds within the Beaverhead directly above its inferred
position.

The syncline/anticline pair in secs. 20 & 21, T. 11 S., R.

4 W. is inferred to represent the location of the buried tip line of
the Greenhorn thrust zone beneath the Beaverhead Group (Plates I &
II).
Perry et al. (1981, 1983) suggested that a similar thrust zone
existed in the central and southern Sncwcrest Range, which they called
the sub-Snowcrest thrust.

They believed that this was a major thrust

zone responsible for uplift of the footwall of the Sncwcrest thrust
zone and that its tip line was now buried beneath the Beaverhead Group
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and sedimentary cover of the Centennial Valley.

Perry et al. (1981,

1983) did not find enough evidence to link the sub-Snowcrest thrust
with tiie Greenhorn thrust, thus they applied the separate term to it.
A gravity survey conducted by Kulik & Perry (1982, 1988) along
the Blacktail Road supports Perry et al. 's (1981, 1983) previous
interpretation and determined that a shallow thrust probably does
exist with its tip line apparently buried beneath the sediments of the
Beaverhead Group.

The thrust was calculated to have placed basement

rocks above Cretaceous sedimentary rocks with a stratigraphic throw of
approximately 3.7 km (2.3 mi) (Kulik & Perry, 1988).

They reported

that anomalously low densities were necessary for same Precambrian and
Paleozoic rocks for their model to fit the observed gravity and
attributed this to extensive fracturing along the thrust zones.
The Marathon Cornell Carp Federal 1-20. well in sec. 20, T. 12 S.,
R. 5 W. penetrated the sub-Snowcrest thrust zone and documents the
foot wall/hanging wall relationships.

The well log and seismic

profiles throughout the southwestern region of the study area indicate
that the stratigraphic throw is significantly less than that proposed
by Kulick and Perry (1988)

(Guthrie, personal communication, 1988).

The well penetrated the thrust zone at 4370 ft (1332 m) and a
subsidiary thrust at 5100 ft (1554 m) (Guthrie, personal communication
1988).

The Triassic Dinwoody Formation was the youngest formation

penetrated in the lower footwall (Plate VI). The shallow thrusts are
interpreted to have their tip lines located within the Beaverhead
Group below the location of folds approximately 2.2 km (1.4 mi)
southeast of the well site (Plates I & VI).

Dips of approximately

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

104

20°-25° were estimated for these thrusts assuming that the folds
actually

indicated

Displacement

along

the

buriedpresence

the

thrusts

of

appears to

their
be

tip

small

lines.
with

a

stratigraphic throw of possibly 600 m for the basement contact and as
little as 120 m for the Mesozoic section.

The lower footwall rocks

are also believed to be allochthonous with •a stratigraphic throw of
possibly 1.4 km for the basement and as little as 600 m within the
Mesozoic section (Guthrie, personal communication, 1988).
Because of the occurrence of

thrust zones beneath the sub-

Snowcrest of Perry et al. (1981, 1983) and Kulik and Perry (1988), the
term sub-Snowcrest thrust becomes ambiguous.

The positions of the

shallow thrusts within the Cornell Camp well and their possible
structural influences on the Beaverhead Group are similar to the
Greenhorn thrust zone to the north.

Because of these similarities and

the possible occurrence of lcwer thrusts, it is suggested that either
the name Greenhorn thrust zone be extended from the north as done by
Sheedlo (1984) or a different name be applied to the shallow thrusts
penetrated by the Cornell Camp well.

Regardless of its name, thrusts

which have been interpreted within the cores of the Spur Mountain
syncline and the Sliderock Mountain anticline to the north are
believed to merge with this thrust zone and form branch lines with it
(Figure 26).
Clover Divide and Bonita Soring Thrust Zones
The Clover Divide and Clover Creek thrust zones (Figure 26) are
inferred blind thrusts which have been recognized in seismic profiles
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and are indicated by surface structures in the southwestern region of
the study area.

These two thrust zones trend approximately north-

northwest and are interpreted to have created fault bend folds (Clover
Creek and Bonita Springs anticlines) of the overlying thrusts and
thrust sheets.

Large scale fold interference patterns are apparent in

the exposed Rianerozoic section near Clover Divide (sec. 35, T. 12 S.,
R. 6 W.) and Antone guard station (sec. 21, T. 12 S., R. 5 W.) (Plate
I).

The hinges of these northwest-trending folds are assumed to

indicate the approximate location of the ramp anticlines of the
underlying thrusts.

Seismic surveys conducted in this region indicate

north-south and northwest-trending blind thrusts occur which appear to
have their footwall ramps merge in map view.

Although

the exact

geometry of these thrusts is uncertain, the interference pattern may
have been caused by oblique motions on northwest-trending lateral
ramps as discussed in chapter V.
Centennial Divide Thrust Zone
The Centennial Divide thrust zone (Figure 26) is located 8 to
14 km (5 to 9 mi) east of the Snowcrest structural terrane within
Cretaceous rocks exposed in the vicinity of the Centennial Divide Road
(Plate I). The rocks in this area are characterized by numerous tight
folds which are probably related to "thin-skinned" thrusts extending
into the area.
extending

These thrusts are attributed to shallow splays

eastward

from

Blacktail-Sncwcrest uplift

the

basement-involved

(ramp domain)

thrusts

of

the

into the gently-dipping
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Cretaceous strata (flat domain). In the northeast comer of the study
area (NW SE 18-11S-3W), several of the thrusts are exposed in
outcrops along the Ruby River (Figure 32).

These thrusts exhibit back

thrusting with the thrusts verging towards the west.

Although not

completely exposed, it appears that triangle zones or intercutaneous
wedges have formed within shallow horizons in front of the foreland
uplift similar to the thrust belt of Alberta (see Charlesworth &
Gagnon, 1985).

These shallow thrusts are assumed to extend eastward

beyond the boundary of the study area.
Gravelly Range Thrust Zone
Thrust faults located within the Gravelly Range, approximately 18
km (11 mi) east of the Sncwcrest Range, were first attributed as part
of the Sncwcnest-Greenhorn thrust system by Sheedlo

(1984).

He

interpreted the thrusts to flatten at depth to form a regional
decollement within the Devonian Three Forks shale (Figure 26 & Plate
VIII). By including the Gravelly Range thrusts in the eastern part of
the Sncwcrest-Greenhom thrust system, Sheedlo (1984) suggested that
these thrusts, which only shortened the cover rocks, allowed the
thrust system to be balanced regionally and- allowed

for

local

imbalance due to shallow-dipping thrusts of the Snowcrest terrane.
Reconnaissance mapping within the Gravelly Range (T.10 S.-, R.2
W.; Figure 2) was conducted during this study to determine if the
thrusts there truly flatten westward at depth in cover rocks as
suggested by Sheedlo (1984) or if they were of separate basement
involved thrusts as interpreted by Schmidt & Garihan (1983).

The
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Ruby R iv e r'

Figure 32. Ehotograph (looking southwest) and schematic sketch of
apparent back thrusts in the Late Cretaceous Frontier
Formation within the central Sncwcrest Range.
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thrusts were

first mapped by Mann

geometry was not fully interpreted.

(1954)

but their subsurface

Hadley (1969) re-mapped the

northern extension of these thrusts in the Varney quadrangle and
interpreted them to die out within the Devonian units.
The two thrusts examined in the vicinity of Black Butte, Big Horn
Mountain and Strawberry Butte

(Figure 3 & Plate VIII), display

plunging ramp anticlines with thrust planes which appear to shallow at
depth.

The Big Horn Mountain thrust is well exposed and places

Mississippian Mission Canyon Limestone above Triassic Dinwoody (Figure
33).

Several small horses which consist of the Mission Canyon and

Fhosphoria Formations are caught within the thrust zone.

The thrust

created a doubled section of Mission Canyon Limestone for several
kilometers and does not show any signs of significant steepening.
The Strawberry Butte thrust involves younger units at the surface
which also appear to rest on a gently dipping thrust plane.

TO the

north, Hadley (1969) shews that the oldest unit exposed on the hanging
wall is the Mission Canyon Limestone.

Dip domains over the area of

the thrusts zones support the interpretation of the thrusts shallowing
into a regional decollement beneath the Madison Limestones
Northwest-Trending Tear Faults
Three major northwest-trending faults are present within the
central Snowcrest Range and are interpreted to be tear faults.
faults are nearly vertical,

These

occur in the hanging walls of the

Snowcrest and Greenhorn thrusts, and are perpendicular to the strike
of the thrusts.

All three tears display right lateral offset.
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Figure 33. Photograph (looking south) and schematic sketch of the
Bighorn Mountain thrust which places the Mission canyon
Formation above the Triassic Dinwoody in the central
Gravelly Range.
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The most distinctive tear is the Cornell Trail fault (Plate I).
The Cornell Trail fault runs along the Cornell Trail which connects
Cornell Camp (20-12S-5W) with the Middle Fork Blacktail Deer Creek to
the northwest (Plate I). It is approximately 6.8 km (4.2 mi) long and
is bifurcated for a short distance as two parallel vertical tears.
The northern tear dies out towards the southeast; the southern tear
extends further southeast and dies out in the Beaverhead Group.

The

tear is truncated by a Late Cenozoic normal fault on the northwest.
Vertical displacement on the tear is approximately 700 m.
The other two tears are less distinctive but probably played
important roles in the Snowcrest Range development.

The second tear

fault (Sawtooth tear) is located along the southwestern boundary of
the exposed basement rocks approximately 4 km (2.5 mi) northwest of
the Cornell Trail fault, (33-11S-5W; Plate I; Figure 26).

This tear

was mentioned' earlier in connection with the West Fork and Snowcrest
thrust zones.

It extends southeasterly approximately 1 km

where it

curves into the Snowcrest thrust plane and is truncated to the
northwest by a Late Cenozoic normal fault.

Vertical displacement

across this fault is estimated to be 2.5 km.
The third tear fault (East Fork tear) is only recognizable by the
Archean basement offset across the East Fork Blacktail Deer Creek in
sec. 34, T. 11 S., R. 5 W. (Plate I; Figure 26).

Its believed that

the tear fault is responsible for the distinct lineation across the
range and the valley of the East Fork Blacktail Deer Creek.

The tear

displays right lateral displacement which indicates that the Snowcrest
thrust moved upward along the southwestern side relative to the
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northeastern side.

The vertical offset on the thrust plane is

approximately 240 m.
Minor Faults
Numerous

minor

faults

are

present

throughout

the

central

Snowcrest Range and they are mainly associated with adjustments made
when the rocks were folded.

Rocks in the southwestern region exhibit

this effect best with faults which appear to have originated because
of either compression or extension across their fold hinges (Plate I).
In sec. 3, T. 12 S., R. 6 W., the minor right-lateral fault probably
formed as a result of the room problem within the core of the
northwest-trending Clover Creek syncline

(Plate •I).

Extensional

faults here seem to fan away from the hinge of the Clover Creek
syncline.
Description of Folding
General Statement
Large-scale,

upright and overturned,

northeast-trending folds

which parallel the Snowcrest-Greenhorn thrust system dominate the
structural terrane of the central Sncwcrest Range.

The folds form

hanging wall anticlines and footwall synclines to the SnowcrestGreenhorn thrust system and have wavelengths of 2.5 to 4.3 km.

These

folds generally plunge southwest, but because of interference with
large-scale NNW-trending folds in the southern region, same of the
northeast-trending folds are doubly plunging (Figure 34).

The NNW-
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trending folds have a larger wavelength of about 8.5 km and are
believed to be fault bend folds on subsurface thrusts.
In the eastern region of the study area, north-south-trending
folds dominate the structural terrane but are much smaller (Figure
34).

These folds have wavelengths which vary frcsn 80 to 600 m and are

believed to be the result of shallow thrust splays extending into the
Cretaceous units.
The fold style throughout the study area is concentric, with
flexural slip mechanisms.
larger

northeast-trending

Limestone
Ehosphoria

and

Parasitic buckle folds related to the
folds

are

are similar to those

Formations

on the

steep

common
found
limb

anticline further north (Sheedlo, 1984).

within

the

Lombard

in the Quadrant
of

and

Sliderock Mountain

Stereonet analyses were

conducted on all accessible folds within the study area (Appendix A).
The major folds are labeled on the geologic map (Plate I).

Northeast-Trending Folds
Spur Mountain Syncline
The Spur Mountain syncline is an overturned, southeast-verging
fold which has only its western, overturned limb exposed within the
study area (Plate I; Figure 34).

The fold plunges gently southwest

and forms the footwall syncline beneath the Snowcrest thrust zone.
The fold can be traced towards the northeast where its hinge zone has
been mapped through Spur Mountain by Gealy (1953) and Sheedlo (1984).
In the central Sncwcrest Range the western overturned limb trends N.
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40° E. and dips from 42° to 35° NW.

Sheedlo (1984) reports that the

fold plunges 20° southwest with its synclinal hinge oriented parallel
to the Snowcrest-Greenhorn thrust system.

The best exposure.of the

western limb of the fold within the study area is in the vicinity of
Sunset Peak (19-11S-4W), 3.5 km northeast of the East Fork Blacktail
Deer Creek (Figure 30).
Sawtooth Mountain Anticline
The Sawtooth Mountain anticline is an overturned,

southeast-

verging, fold which forms the western anticline paired with the Spur
Mountain syncline (Figure 34 & 35).

It is cored by the Snowcrest

thrust (Plate I; section D-D7, Plate V).

The hinge of the anticline

marks the location were the Snowcrest thrust becomes a buried thrust
(4-12S-5W). The eastern, overturned limb was described in conjunction
with the Spur Mountain syncline.

The western, upright limb strikes N

50° E and dips roughly 45° southeast.

The fold hinge has been

calculated to plunge 8°/S 38° W (Appendix A, p. 194).

The hinge of

the Sawtooth Mountain anticline displays a limb rotation of nearly
100° with only one noticeable minor fault along the eastern limb.

The

Icmbard Limestone within the core of the fold is extremely deformed
and has experienced extensive structural thickening,

large scale

parasitic folds, and numerous smaller-scale buckle folds (Figures 10 &

U).
The Sawtooth Mountain anticline may have been refolded on a
northwest-southeast axis.

This explains the large bulge towards the

southeast in the exposed Fhanerozoic rocks in the vicinity of the
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Figure 35. Down plunge aerial photograph (looking south) of the
Sawtooth Mountain anticline in the central Sncwcrest
Range.
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Antone Guard Station (21-12S-5S) (Plate I). The stereonet analysis of
the fold indicates a possible second fold hinge which plunges 28°/ S
67° E (Appendix A, p. 194).
West Fork Anticline
The West Fork anticline formed on the upright, western limb of
the Sawtooth Mountain anticline southeast of the Cornell Trail tear
fault (Plate I; Figure 34).

It was first mapped by KLepper (1950) and

later re-mapped and named by Ziegler (1954).

The fold is doubly

plunging because of the interference of a NNW-trending fold (Clover
Creek anticline). The fold hinge plunges 5°/ N 53° E as well as 23°/
S 50° W.

The fold is cored by Mississippian Lodgepole Limestone at

the surface along the Blacktail Road (Appendix A, p. 195; Plate I) and
is probably cored by the Sncwcrest thrust in the subsurface.

The

northwestern limb of the fold has been deformed by the West Fork
thrust zone which parallels the fold hinge.

The interlimb angle for

the West Fork anticline is approximately 105° (Plate VI & VII). The
West Fork anticline re-emerges approximately 8.5 km southwest as the
doubly plunging Basin Creek anticline (Plate VIII) (Ziegler, 1954).
The northeastern extension of the West Fork anticline is located
across the Cornell Trail fault (Plate I).

The Sawtooth Mountain

anticline is inferred to be the eastern limb of the West Fork
anticline overturned as a result of transfer in displacement across
the Cornell tear.

The anticlinal fold hinge trends 7°/ N 57° E which

is essentially the same as the West Fork anticline across the tear
fault to the southwest (Appendix A, p. 196).

The hinge of the fold
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extends for 1.5 km before it becomes difficult to trace.

It merges

with the core of the Sawtooth Mountain anticline, is buried beneath
glacial debris, and is deformed by the West Fork thrust zone along its
northwestern limb (Plate I).
Antone Peak Svncline
The Antone Peak syncline is located approximately 6 km (3.7 mi)
southeast

of

the

Snowcrest

structural

terrane within the

Late

Cretaceous synorogenic Beaverhead Group conglomerates and sandstones
(Figure 34 & 36).

The trace of the fold hinge trends N 64° E which

parallels the trend of the Snowcrest-Greenhorn thrust system (Plate
I). The fold extends for over 13 km (8 mi) and is doubly plunging as
a result of interference with the northerly trending Peterson Basin
syncline.

Stereonet analysis of the Antone Peak syncline indicates

the fold hinge is oriented 17°/N 64° E (Appendix A, p. 198).

The

syncline is a broad open structure formed during the last phases of
compression in the region.
Minor Folds
Numerous small scale parasitic buckle folds occur throughout the
central Snowcrest Range within the Lombard Limestone (Figure 11).
Other small scale folds are responsible for prominent local structural
thickening (Figure 10).

Stereonet analysis was conducted on all minor

folds which were accessible and are included in Appendix A, p. 199201.

The azimuth of the fold hinges vary in orientation from S 73° W

to S 36° W with plunges of 4° to 54°.

The more nearly horizontal fold
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Figure 36. Ehotograph (looking northeast) of the Antone Peak syncline
within syntectonic conglomerates of the Beaverhead Group in
the central Snowcrest Range.
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hinges are more common.

Interlimb angles are not consistent and their

variations can be seen in Appendix A.
Minor northeast-trending folds also occur within the conglomerate
and sandstone units of the Beaverhead Group.

Folds with hinges longer

than a couple of hundred meters have been interpreted to represent the
location of buried thrusts.

An anticline/syncline pair in the

northernmost exposure of the Beaverhead near Honeymoon Park (NE SE 2011S-4W) have been interpreted to represent the location of the buried
Greenhorn thrust zone.

These folds trend S 53° W with plunges of 3°

and 7° (Appendix A, p. 202).

Additional northeast-trending folds

exist approximately 2 km southeast of Marathon Oil's Cornell Camp
well.

These folds have been interpreted to represent the location of

the buried thrusts penetrated by the Cornell Camp well.

These folds

trend consistently N 51°-57° E with hinges which plunge 1° to 5°
(Appendix A, p. 203).
Northwest-Trending Folds
Bonita Soring Anticline
The Bonita Spring anticline is the northernmost, large-scale,
northwest-trending fold in the central Snowcrest Range (Figure 34).
The position of this fold is suggested by the southeastward bulge in
the exposed Ehanerozoic rocks near the Antone guard station (NE NE 2112S-5W)

(Plate I).

The fold was mentioned earlier as a possible

second fold event which refolded the Sawtooth Mountain anticline.
Stereonet analysis of the Sawtooth Mountain anticline indicated a
second fold hinge may be present which trends 27°/S 56° E (Appendix A,
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p. 194).

Although the fold is not well defined, the position is

consistent with similar folds to the southwest which have produced and
interference

pattern

with

the

northeast-trending

folds.

This

northwest-trending fold set has an average wavelength of 8.4 km (Plate
I; Figure 34; see Ziegler, 1954).

The Bonita Spring anticline is

interpreted to be a fault bend fold over a blind thrust (Bonita Spring
thrust).
West Fork Svncline
The West Fork syncline is paired with the Bonita Spring anticline
and is located southwest of it (Figure 34).

The fold is more distinct

than the Bonita Spring anticline and it can be seen to refold the
southeastern limb of the West Fork anticline (Plate I). The fold is
very broad with a minimum interlimb angle of 130°.

stereonet analysis

indicates the fold axis trends 28°/ S 63° E (Appendix A, P. 204).

The

fold extends southeastward into rocks of the Beaverhead Group.
Clover Creek Anticline
The Clover Creek anticline was first recognized and named by
Ziegler (1954) and is the southwestern anticline paired with the West
Fork syncline (Figure 34).
(Appendix A, p.

197).

approximately 110°.

The axis of the fold trends 25°/ S 63° E
The interlimb angle of the anticline is

The Clover Creek anticline refolded the West Fork

anticline and made it a doubly plunging fold (Plate I).

The doubly

plunging fold is a dome structure along the Blacktail Road and is
cored by the Mississippian lodgepole Limestone.

The hinge of the
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Clover Creek anticline is apparently highly fractured and the fracture
pattern was utilized by the Clover and West Fork Blacktail Creeks to
create the distinct lineation across the range.

The fold extends over

11 km (6.8 mi) and is the most prominent northwest-trending fold in
the Sncwcrest Range.

Ihe Clover Creek anticline is believed to be the

surface expression of a fault bend fold above the proposed Clover
Creek blind thrust.
Peterson Basin Svncline
Ihe Peterson Basin syncline is a large-scale fold which re-folded
the Antone Peak syncline into a doubly plunging trough (Figure 34).
The Peterson Basin syncline is exposed only within the conglomerates
and sandstones of the Beaverhead group and extends for approximately
6.4 km (4 mi) (Plate I).

Although the axial trace is roughly north-

south, the synclinal axis is oriented 12°/ N 24° W with an interlimb
angle of approximately 120° and is therefore considered to be a
northwest-trending fold (Appendix A, p. 198).

It may represent the

corresponding northeastern syncline paired with the Bonita Spring
anticline.
Cornell Camp Anticline-Svncline
An overturned anticline-syncline pair occurs in the vicinity of
Cornell Camp (NW NE 20-12S-5S)

(Figure 34).

These folds are much

smaller than those previously discussed and they are the result of a
different folding mechanism.

The folds are juxtaposed against the

Cornell Trail tear fault (Plate I). The fold hinges trend 45°/ S 67°
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E and 45°/ S 65° E with their axial planes oriented N 21°-22° E/ 45°
SE (Appendix A, p. 205).

The folds only extend for approximately 1 km

because they are plunging rather steeply.

They are believed to be

associated with the Cornell Trail tear fault possibly as a result of a
scissors motion along the southeastern part of the fault.
Minor Folds
Northwest-trending parasitic buckle folds are also present within'
the late Mississippian Lombard Limestone and Kibbey Sandstone, but
they are not as prevalent as the northeast-trending ones (Appendix A,
p.

206-207).

In the vicinity of

Centennial

Divide,

additional

northwest-trending folds occur in the Cretaceous rocks with tight
interlimb angles (Appendix A, p. 207).
North-south Trending Folds
Clover Creek Syncline
The largest north-south trending fold within the study area is
the Clover Creek syncline (Plate I; Figure 34).

Although this fold is

the southwestern syncline paired with the northwest-trending Clover
Creek anticline, stereonet analysis indicates that its orientation is
more northerly.

The fold hinge is oriented 39°/ S 6° E with a minimum

interlimb angle of approximately 115° (Appendix

a

, p. 208).

The fold

extends at least 7 km (4.3 mi) southeastward and appears to deform the
Beaverhead Group conglomerates (Plate I).

A prominent conglomerate

ledge within the Beaverhead continues the synclinal hinge with an
orientation of 26°/ S 13° E (Appendix A, p. 208).

This fold has a
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similar interlimb angle of 120°.

In the core of the syncline,

disharmonic folds occur in the Cretaceous Kootenai Formation in
response to the roan problem there (Plate I). Ihe exposed Ehanerozoic
rocks which form the limbs of the syncline are broken up by numerous
faults which are believed to have initiated because of the second fold
event.
Jones Creek Anticline-Svncline
Hie Jones Creek anticline-syncline pair are two prominent northsouth trending folds within Cretaceous rocks near Centennial Divide
(Plate I; Figure 34).

These folds are believed to be associated with

the easternmost shallow splays extending from the Snowcrest-Greenhorn
thrust system.
photographs.

The folds are well exposed and recognizable in aerial
The axes of the anticline and syncline are oriented 14°/

S 11° W and 17°/ S 9° W respectively with interlimb angles of
approximately 78° (Appendix A, p. 209).
Pole Creek Anticline-Svncline
The

Pole Creek Anticline-syncline are very similar to

the

adjacent Jones Creek folds near Centennial Divide (Plate I; Figure
34).

Ihe anticline and syncline fold axes are oriented 16°/ S 6° W

and 15°/ S 5° W respectively with slightly larger interlimb angles of
approximately 104° (Appendix A, p. 210).

Ihe wavelength of these

folds with Jones Creek folds is roughly 1 km.
probably related to thrusts.

These folds are

This is supported by the fact that a

steeply dipping Tertiary dike which crosses the fold hinges obliquely
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shews right separation where it crosses the Pole Creek synclinal hinge
(Plate I). It therefore appears that the fault which offsets the dike
is parallel to the fold hinge with the hanging wall to the west.
Because faulting is associated with the core of the Pole Creek
syncline, fault propagation folding may be responsible for folds in
this region.
Minor Folds
Numerous folds within the Cretaceous rocks in the Centennial
Divide area have north-south trends north of the Jones and Pole Creek
folds (Plate I).

Certainly more folds are present in this area but

because of the limited exposures a complete picture of the structural
terrane in this area is not possible.

All of these folds have axes

which trend within 13° of north and plunges which vary from 2° to 31°
(Appendix A, p. 211-212).

Interlimb angles are significantly tighter

in this region with angles of 60° to 119° (Appendix A, p. 211-212).
Only a few parasitic folds within the Mississippian strata have
north-south trends.

Small scale folds within the Lodgepole as well as

buckle folds and folds associated with structural thickening within
the Lombard are present but are subordinate to the northeast-trends
(Appendix A, p. 213).
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CHAPTER V

KINEMATIC ANALYSIS OF IARAMEDE DEFORMATION IN THE
CENTRAL SNCJWCREST RANGE
Tectonic Inheritance
Snowcrest-Greenhorn Thrust System
The recurrent tectonic events which occurred in the vicinity of
the Snowcxest Range suggest that a fundamental zone of weakness within
the basement was reactivated repeatedly throughout geologic time.
Numerous workers have suggested this (DeCelles, 1986; Kulik & Perry,
1982, 1988? Maughan, 1984; Mau^han & Perry, 1982; Perry et al., 1981,
1983,

1988; Schmidt & Garihan,

1983; Schwartz,

1982; Schwartz &

DeCelles, 1988? Sheedlo, 1984; and Suttner et al., 1981) and have
attributed the position of the late Cretaceous Snowcrest-Greenhom
thrust system to this mechanically unstable zone.
The

strong,

northeast-trending,

northwest-dipping,

regional

structural grain within the basement such as foliation, shear zones,
fold axes, and mylonite zones (Erslev, 1982, 1983; Mbgk & Henry, 1988;
Spencer & Kozak, 1975) does not in itself explain the positioning of a
major zone of weakness along the Sncwcrest Range but supports the
argument that it is northeast-trending.

The work of Giletti (1966,

1971), and James and Hedge (1975) combined with the structural data
indicates that the zone of weakness responsible for the position of
recurrent movement in the Snowcrest Range region may be an actual
125
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Precambrian collision boundary such as that proposed by Fountain and
Desmarais (1980) and Mogk and Henry (1988).

As shown in Figure 19,

the trace of the southern and central Snowcrest Range is parallel with
the Mirror Lake shear zone of Mogk and Henry (1988) and the Madison
mylonite zone of Erslev (1982).

It may be coincident wit the proposed

collisional boundary of Fountain and Desmarais (1980).

Its believed

that the anomalous northeast-trend of the central and southern region
is controlled by the proposed collision boundary.

The highly deformed

Archean metamorphic rocks exposed in the Henry Gulch quadrangle to the
southwest along the Snowcrest trend (see Perry et al., 1988) may be
partially attributed to the Precambrian collisional events.
Northwest-Trending Faults
Recurrent activity on northwest-trending faults in southwestern
Montana has been documented by Schmidt and Garihan (1979, 1983, 1986)
and O'Neill et al., (1986).

Hiese faults are believed to have

originated during Middle Proterozoic time and to have had recurrent
movement during Late Cretaceous and Early Tertiary time.
Perry

(1982)

and Key

(1985)

Maughan and

have recognized possible recurrent

movement on faults of this set during Mississippian time within the
Snowcrest trough.

Sheedlo (1984) was the first to recognize the

influence of the northwest-trending faults in the northern Snowcrest
Range and suggested that the Blacktail and Sweetwater faults (Plate
VIII) were reactivated as tears during the Blacktail-Snowcrest uplift.
Sheedlo

(1984) also recognized northwest-trending features in the
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Gravelly Range which may be attributed to the northwest-trending,
Proterozoic normal faults.
In the central Snowcrest Range, additional northwest-trending
faults appear to have been reactivated as major tear faults.

Although

these faults were discussed earlier in chapter IV, their possible
origin was not.

The northernmost tear in the study area, the East

Fork tear, is located within the East Fork Blacktail Deer Creek and
appears to be the southeastern extension of the Blacktail fault which
bounds the northeastern flank of the Blacktail Range (20 km to the
northwest)
East Fork,

(Plate VIII).

The Sawtooth tear, 2 km southwest of the

parallels the East Fork tear and is believed to be

associated with it.

The tears trend N 50° W and can be seen to align

with the Blacktail fault system on Iandsat imagery.

Sheedlo (1984)

first recognized the southern tear, called it the East Fork tear, and
correlated it with the Blacktail fault.

To avoid confusion, the East

Fork tear is new considered to be the newly recognized tear within the
East Fork Blacktail Deer Creek.
The Cornell Trail tear fault is also believed to be attributed to
the pre-existing northwest-trending fault system.

The Cornell Trail

tear trends N 30°-40° W and is aligned along a distinct lineament seen
on Iandsat images.

The lineament appears to cross the entire study

area from southeast to northwest and to eventually merge with the
Blacktail normal fault system toward the northwest.

This tear fault

is believed to have been caused by thrusting on both the Greenhorn and
Snowcrest thrust zones whereas the other two are believed to have been
caused primarily by differential movement on the Snowcrest thrust
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zone.
the

During eastward translation of the Blacktail-Snowcxest uplift,
northwest-trending

faults appear to have

been utilized

as

acccsnmodation zones where displacement transfer could be concentrated
and produce carpartmental deformation.

Gampartmental deformation is a

mechanical process which allows different segments of a thrust system
to behave independently and achieve different amounts of displacement
compared to adjacent segments.
In the southwestern region of the study area where the largescale,

northwest-trending,

interference patterns occur,

the pre

existing northwest-trending faults may have influenced the location of
basement-involved,

blind

thrusts.

A

similar

northwest-trending

anticline in the southern Gravelly Range, the Metzel Creek anticline,
has been attributed to a ramp anticline above a northwest-trending,
basement-involved, blind thrust (Sheedlo, 1984).
Tectonic Model of the Blacktail-Snowcrest Uplift
Various mechanical models have been applied to the Rocky Mountain
foreland uplifts but the most applicable and appealing is the thrustuplift model (Lowell, 1983).

This model treats the uplifts as large

ramp anticlines above basement thrusts which flatten at depth and form
a detachment along the brittle-ductile transition zone in the craton
(Bruhn, Picard, & Isby, 1987; Schmidt et al., in preparation; Young et
al., 1983).
Several tectonic models have previously been proposed to explain
the

structural

Scholten

(1967)

style
and

of

the

Ruppel,

Snowcrest-Greenhom
Wallace,

Schmidt,

thrust
&

Lopez
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interpreted the Blacktail-Sncwcrest uplift as an "upthrust" or drape
fold similar to that proposed by Pracha, Graham, and Nickelsen (1965).
They presumed that predominantly vertical forces were responsible for
the uplift and invoked nearly vertical faults at depth which shallowed
towards surface to form a concaved upwards geometry.
Perry et al.

In contrast,

(1981, 1983) and Schmidt and Garihan (1983) applied

Berg's (1962) fold-thrust model to the Snowcrest Range and considered
horizontal compression along a lcw-angle thrust to be the dominant
force responsible for the uplift.

Sheedlo

(1984) explained how

neither of these models represent the actual mechanical processes
responsible

for the Blacktail-Sncwcrest uplift and clarified the

mechanical distinction between Berg's (1962) fold-thrust model and the
thrust-uplift model described by Icwell (1983) and Smithson, Brewer,
Kaufman, and Oliver (1978).

Ihe fold-thrust model suggests the thrust

system dies out at depth near the point where it is deeper than the
Precambrian/Cambrian contact of the foot wall.

The thrust-uplift

model suggests that the thrust system flattens at depth into a
regional detachment horizon within the basement.
Schmidt

et

al.

(in

preparation)

applied

Sheedlo (1984) and

the

thrust-uplift

or

translation-thrust geometry for the Blacktail-Snowcrest uplift and
their interpretation is supported by this investigation.
Ihe "upthrust" model for the Blacktail-Snowcrest uplift appears
to be untenuable for several reasons.

First, observations made by

Sheedlo (1984) and during this study do not support the interpretation
that major thrusts significantly steepen at depth.
reported

earlier

that thrusts

appeared to

Although it was

steepen towards
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northwest, the change in dip represents a shift from a "flat" domain
to a "ramp" domain with dips never exceeding 40°.

Second, if the

Snowcrest-Greenhom

previous

thrust

system

reactivated

a

Late

Paleozoic listric normal fault (chapter IV) the dip of the thrust
system ultimately flattens, not steepens, at depth.

Third, COCORP

seismic profiles indicate that major thrusts of similar uplifts such
as the Wind River and Laramie Ranges are shallow, extend to depths of
10-20 km, and require primarily horizontal components of compression
to

initiate uplift

(Brewer,

Smithson et al., 1978).

Smithson,

Kaufman,

& Oliver,

1980;

Forth, other coeval thrust belt structures

within the region indicate predominantly horizontal compressive forces
were operating

(Craddock,

O'Neill,

and therefore "upthrust" motions are difficult to

1982)

Kbpania,

& Wiltschko,

1988; Schmidt &

substantiate (Sheedlo, 1984).
Because the Snowcrest-Greenhom thrust system
herein to be a reactivated zone of weakness,

is

considered

it is possible to

dismiss, like Sheedlo (1984), the fold-thrust model because it implies
that folding was the ultimate cause of thrusting.

Field evidence

collected by Sheedlo (1984) and during this investigation indicates a
direct relationship between thrust displacement and the degree of
folding observed throughout the area (Plates II-VII).
Because of the difficulties with both fold-thrust and upthrust
models,

Sheedlo

(1984) and Schmidt et al.,

(in preparation) have

attributed the thrust-uplift or translational-thrust model to the
Blacktail-Snowcrest uplift (Figure 37).

This model incorporates deep

foreland thrusts as documented by Smithson et al. (1978) as well as a
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Figure 37. Schematic diagram of translational thrust or thrust-uplift
ipnrtel showing the possible relationship between observed
foreland thrusting and deep crustal detachment .
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listric geometry indicated by the inferred Mississippian zone of
weakness and models presented by Inwell (1983) and Gries (1983a,b).
Ihe thrusts are believed to sole out into a regional basement
detachment horizon such as the brittle/ductile transition zone as
suggested by Kulik, Perry & Skipp (1983).

The detachment zone has

been calculated to be approximately 16 km (10 miles) below sea level
during Late Cretaceous time in this region of southwestern Montana
(Schmidt et al;, in preparation). This depth was calculated using an
elevated geothermal gradient of 20-25° C/km and a temperature of about
300° C which is the approximate brittle/ductile transition in quartz
rich rocks (Schmidt et al., in preparation; Sibson, 1983, 1984).
Age of Deformation
Recent work by Nichols et al.

(1985), DeCelles

(1986),

and

Schwartz and DeCelles (1988) documents the timing of the BlacktailSnowcrest uplift and surrounding region.

With this new data, the

timing of the Blacktail-Snowcrest uplift has become more precisely
defined and precursor tectonic movements have been determined.
Timing of Uplift
Ihe timing of the episodic tectonic uplift along the SnowcrestGreenhom thrust system has been recorded by the Mesozoic stratigraphy
and palynology in the region.

Evidence suggests that the Blacktail-

Snowcrest uplift possibly initiated as early as Jurassic time and
represents the culmination of an 80 my period of basement-involved
reactivation (Schwartz & DeCelles, 1988).

Episodic pulses of uplift
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are believed to have continued through time with possibly six periods
of uplift recorded within the Kootenai,

Blackleaf, and Frontier

formations frcsn Aptian through Cenomanian time (120-91 Ma) (Schwartz &
DeCelles,

1988).

Maximum uplift occurred from Coniacian through

Campanian time (88-78 Ma) which is marked by the deposition of the
Beaverhead Group (Nichols et al., 1985).

These dates were determined

palynologically by Nichols et al. (1985) and were recently updated by
Perry et al. (1988).
Timing of Thrusting and Folding
The recent work by Schwartz and DeCelles (1988) indicates that
thrusting along the Snowcrest-Greenhom thrust system was possibly
initiated during Jurassic time; but there is no direct evidence that
this early uplift, recorded in the sedimentary record, was related to
thrusting.

If the Jurassic uplifts are really the precursor to the

Blacktail-Snowcrest
correspond

with

relationship

uplift

episodic

between

tectonic model.

then

the timing

uplift

thrusting

events

of

thrusting

because

and uplift

in

of

the

the

should
direct

thrust-uplift

Members of the Beaverhead Group which have been

broadly folded in several locations in the study area represent a
minimum upper age

for thrusting associated with the Snowcrest-

Greenhom thrust system.
A minimum age for thrusting may be controlled by extensional
events which were suggested to have been initiated in southwestern
Montana during Eocene time (Schmidt and Chase, 1988).

However, there

is no clearly documented basin fill until the Oligocene (Kuenzi &
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Fields, 1970).

Sheedlo (1984) suggested deformed rocks overlain by

volcanic material in the Greenhorn Range may represent a minimum age,
but these volcanic rocks are now known to be younger than Eocene
extension.

However, volcanic rocks within the Snowcrest Range may

confine the upper age of thrusting.

Volcanics located on top of the

Beaverhead Group near Arrtone Peak may provide a maximum age for the
coarse conglomerates in that area.

In addition, the dike which is

sheared near Pole Creek syncline may provide a minimum upper age for
thrusting.

Ihe ages of these volcanics are presently unknown.
Sequence of Deformation

Ihe sequence of thrusting during the period of maximum uplift
(88-78 Ma, Nichols et al., 1985) is complex and does not follow a
strict

"forward"

or

"backward"

propagation

sequence.

Field

observations as well as local and regional cross sections indicate
active thrusts alternated from one to another through time without
regard for a particular sequence.

Ihrusts appear to have activated

planes of least resistance which were constantly changing within the
thrust system.
Figure 38a-h illustrates a semi-quantitative model of the thrust
sequence for the Snowcrest Greenhorn thrust system beginning with the
presumed initial trough geometry (90 Ma) through to Eocene extension.
Ihe initial trough geometry was calculated by utilizing known bedding
thicknesses of the Ehanerozoic sequence in the Cornell Camp and Shell
wells,

thicknesses

within

the

Sncwcrest

Range,

reported by Fecora (1981) for the Blacktail Range.

and

thicknesses

Ihe palinspastic
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Figure 38b. Initial stage of Iaramide shortening of the Snowcrest trough (Figure 38a) to form
the Blacktail-Snowcrest uplift.
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Figure 38e & f. Later stages of progressive Laramide shortening along
the Snowcrest-Greenhom lineament to form the
Blacktail-Sncwcrest uplift.
u>

9

5 s ____—

____a___

Etovofion in Km

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

^

■ 1* %* » »******«

7. *** = ** **:;* * v
20 Km

Figure 38g. Latest stage of thrusting in the vicinity of the Blacktail
Road along the West Fork thrust zone.
Figure 38h. Inferred Eocene geometry of the collapsed BlacktailSncwcrest uplift.
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location of thickness measurements were determined by assuming 20%
shortening during foreland uplift and 15% extension during Late
Cenozoic time.

Hie plotted thicknesses created a half-graben geometry

with rollover into a bounding normal fault to the southeast (Figure
38a).

Depth to detachment was calculated, by the displaced vector

method described by Kilsdonk and Spang (1988).

The dip of the normal

fault at the surface was assumed to be the same as the present
Snowcrest thrust plane of 35°.

This dip and the rollover geometry

allows a calculation of a depth to detachment of approximately 21 km
(13 miles) below sea level.

By increasing the dip of the fault to 40°

at the surface, depth to detachment increases to only 26 km (16 miles)
(Figure 39).

Assuming the 21 km depth to detachment represents the

brittle/ductile transition zone of approximately 300° C, a geothermal
gradient of only 14° C/km would be required during formation of the
Snowcrest trough in Late Paleozoic time.
The rest of the sequence diagrams were drawn utilizing the
constructed listric fault geometry for the thrust plane assuming
reactivation of the previous zone of weakness.

Bed lengths and

thicknesses retain their appropriate values throughout the sequence.
Because the true thickness of the Blackleaf, Frontier, and Beaverhead
strata is not known, they were not incorporated into the models until
later stages of deformation.
The thrust sequence illustrates that the primary thrust plane is
the Late Paleozoic listric fault but with the tip line alternating
through time between different slivers of basement.

Once thrusting

initiates, basement rocks within the tip of the hanging wall appear to
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became faulted and rotate clockwise (looking north) as shortening is
achieved along the new hanging wall imbricate.

A hanging wall

anticline forms as displacement along the hanging wall imbricate and
rotation of the basement tip occurs.

This is somewhat like fault

propagation folding but occurs under the anticline not within the
syncline (Figure 38c).

A similar geometry has been produced in rock

model experiments and described by Chester, Spang, and Logan (1988).
Continued shortening appears to cause the corner of the basement foot
wall to become imbricated and incorporated as an additional basement
sliver within the thrust system (Figure 38d).

This geometry is

similar to that of the West Fork anticline along the Blacktail Road
(Plates VI & VII).

However, this apparent sliver may be an oblique

section through the northwest-trending Bonita thrust.

Once the

thrusts are no longer bounded by basement rocks along the foot wall
they appear to flatten upward toward the east and propagate as flat
thrusts along bedding.

This is similar to rock deformation models

discussed by Chester et al. (1988).

Thrusting continues along the

upper hanging wall imbricate to cause progressive folding until an
overturned anticline is produced similar to the Sawtooth Mountain
anticline

(Figure 38e; Plate V).

With continued thrusting, the

anticline eventually becomes breached by the Hanging wall imbricate
(Figure 38f).

The geometry of Figure 37f is, similar to exposures,

along the East Fork Blacktail Deer Creek, of the overturned limb of
the Spur Mountain syncline (Plates II-IV).

In the West Fork area,

thrusts achieve less throw and additional thrusts break back above the
Snowcrest thrust rather than propagate to accentuate folding along it
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(Figure 38g).

Timing of these later thrusts is determined by the

incorporation of the Beaverhead conglomerate which is incorporated.
In the West Fork thrust zone, conglomerates of the Beaverhead Group
rest unconformably above the Lombard. Limestone and underlie a thrust
which contains the Lombard Limestone in its hanging wall.

For such a

geometry to exist, uplift must first occur along the Snowcrest and
Sub-Snowcrest/Greenhom thrust zones in order for erosion to expose
the Lombard Limestone before deposition of the Beaverhead group.
When the thrust system becomes temporarily locked by a steep to
overturned fold limb it appears that strain may be achieved by thrusts
breaking back as hanging wall imbricates and/or by shoving the entire
thrust system forward along flat splays within the cover rocks.

In

cross section the thrust system is interpreted to represent a flatramp-flat geometry.

The hypothetical regional detachment within the

basement is the lower flat, the transition frcsn basement detachment to
the Paleozoic/Archean contact

is the ramp,

and the progressive

flattening upward toward the east, at the point where the thrusts are
no longer bounded by basement in "the foot wall, is the upper flat.
Ihe flat-ramp-flat geometry is a common model used to describe thrusts
within the thrust belt but has been used infrequently to describe
faults associated with Rocky Mountain foreland uplifts (see Bruhn et
al., 1987; and Erslev, 1986).
Foreland thrusting along the Snowcrest-Greenhom thrust system
ceased before middle Eocene-middle Oligocene extension which continued
into Pliocene and created the present day geometry (Figure 38h).
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Although the west-to-east progression of deformation proposed by
Schmidt and Garihan (1983) does not appear to occur locally within the
Snowcrest-Greenhom thrust system, it is probably still valid in a
regional sense for the timing of the Ruby-Tobacco Root, SnowcrestGreenhom, and Gravelly-Madison thrust systems.
Mechanical Behavior of Basement
As described earlier, the basement rocks which form the core of
the

Blacktail-Snowcrest

uplift

foliated, metamorphic rocks.

are

non-hcmogeneous,

anisotropic,

Because of its rock type, the basement

does not behave the same as isotropic, crystalline rocks which are
more prevalent in other Rocky Mountain foreland uplifts and scaled
models.

Although the isotropic and anisotropic rocks are mechanically

distinct, aspects of deformation for isotropic, crystalline rocks may
also be applicable to foliated metamorphic rocJcs.

'Ihe role of all

types of basement rocks and the exact mechanics of their deformation
within the cores of foreland uplifts is currently being debated.
Unlike

isotropic,

crystalline

rocks,

foliated

metamorphic

basement has been shown to fold locally within the cores of foreland
uplifts (Schmidt & Garihan, 1983).

In addition, because of its pre

existing fabric, foliation planes are commonly utilized as planes of
slip during deformation.

This has been shown experimentally by Donath

(1961), Borg arxi Handin (1966), Handin (1967), and Paterson (1978) as
well as in the field by Schmidt and Garihan (1983) and Miller and
Lageson (1986).

Slip within foliated basement was accomplished by

brittle deformation such as microcraking, microfaulting, cataclastic

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

144

flow, and pressure solution of quartz, feldspar, and biotite grains
within gniesses

(Miller & Lagescn,

1986;

Perry et al.,

1988).

Chlorite is commonly found along foliation surfaces and it is believed
to have mineralized by retrograde heating, and addition of fluids
during thrusting (Bruhn & Beck, 1981; Schmidt & Garihan, 1983).

The

exploitation of foliation as shear planes is similar to the concept of
closely spaced shear zones and discrete faults proposed by Spang,
Evans, and Berg (1985) and Spang and Evans (1988) for crystalline
basement.

For either rock type, such a mechanism is capable of

producing an upper basement surface which appears to be folded (Spang
& Evans, 1988).
Basement exposed within the central Snowcrest Range is well
foliated and possesses well-developed, penetrative, shear fractures
with mesoscopic spacings of 1-20 an (Figure 40).

The shear fractures

developed primarily along foliation planes similar to the examples
cited above (Figure 41).

The shear fractures are believed to parallel

the master fault plane which probably utilized the pre-existing
structural grain of the basement as a zone of weakness to achieve
shortening.

Folding of the basement similar to that discussed by

Schmidt and Garihan (1983) was not recognized.
Thin sections of the basement shew microfractures are common
within the quartz, feldspar, hornblende, and biotite grains (Figure
42).

Extensive shear or microfaults are not apparent although quartz

grains commonly shew undulose extinction and some feldspar twin
lamellae are bent.

The thin sections are surprisingly less deformed

than anticipated but this is probably attributed to the fact that they
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Figure 40. Photograph (looking southwest) of shear fractures within
Archean basement rocks exposed in the central Snowcrest
Range.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Maximum concentration:

148 poles to foliation contoured
at 0%, 4%, 8%, and 10%.

Maximum concentration:

706 poles to fractures contoured
at 1%, 2%, 3%, 4%, and 5%.

Figure 41. Steroplots comparing the orientations of shear fractures
and foliation within Archean metamorphic rocks in the
central Snowcrest Range.
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were not collected near the thrust plane.

All the samples were

collected at least 180 m above the thrust plane.

Samples collected

nearer to the thrust plane 12 km south of the stuffy area in the Henry
Gulch

quadrangle

indicate

extensive

brittle

deformation

with

microfaulting, pervasive microfractures, and pressure solution (Perry
et al., 1988).
Ihe exact position of the master fault plane is probably masked
near the basemerrt-Ihanerozoic contact by a zone of thrust imbricates,
subsidiary splays, and cataclastic flew similar to that described by
Cook (1988).

Basement deformation in the central Snowcrest Range has

been modeled after Cook's (1983, 1988) interpretations of the fault
zone narrowing at depth into one master fault plane (Figure 38a-h).
Basement wedges caught within the fault zone are believed to have
rotated with continued thrusting by progressive shear and cataclasis
along the appropriately oriented foliation planes.

The master fault

plane is believed to have utilized the previous listric (concave
upward) zone of weakness at depth but became concaved downward once it
was no longer bounded by basement in the foot wall.
in concavity

for thrust systems of

Similar changes

foreland uplifts have

been

suggested by Erslev (1986) and Spang and Evans (1988).
Stress Configuration
Models that explain the orientation of crustal shortening for the
Rocky Mountain foreland tend to overlook the anomalous structural
trend of the Blacktail-Sncwcrest uplift.

Hamilton

(1981,

1988)

suggests that rotation of the Colorado Plateau around an Euler pole in
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central New Mexico was responsible for the various trends of the Rocky
Mountain foreland uplifts.

Such a mechanism requires a shortening

orientation of N 65° E for southwestern Montana.

This orientation is

unreasonable for several reasons: 1) For his model to be consistent, a
shortening direction of N 65° E would correspond with a foreland
uplift which trends N 25° W, and the central Snowcrest Range trends N
65° E,

2)

pure strike slip motion would occur on the central

Snowcrest-Greenhom thrust system, 3) coeval thrust motions within the
surrounding Cordilleran thrust belt indicate an east-west shortening
orientation
O'Neill,

(Beutner,

1982),

1977;

and 4)

Schmidt

& Hendrix,

1981;

Schmidt

&

data supporting left-reverse movement on

northwest-trending faults (Schmidt & Garihan, 1983) agrees with eastwest shortening.
Gries (1983) suggests a different model based on plate motions
and a shortening orientation which rotates through time.
achieved

by

respectively.

the

opening

of

the

Atlantic

and

Rotation was

Arctic

Oceans

The model suggests the shortening orientation was east-

west during late Cretaceous and rotated counter-clockwise through time
until it was oriented north-south during Eocene.

Gries' (1983) model

is consistent in relating the timing of foreland uplifts and their
trends

with

tectonic

shortening

but

northeast-trending, Snowcrest Range.

does

not

incorporate

Nevertheless,

Gries

the

(1983)

suggests east-west compression for the foreland during late Cretaceous
which also agrees with the shortening orientation determined for the
thrust belt and foreland elsewhere in Montana during this period.
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Both models imply that the trend of foreland uplifts are normal
to and indicative of the shortening orientation responsible for their
formation.

If this is true, then a shortening orientation of N 25° W

was necessary to achieve uplift by dip slip along the central
Snowcrest-Greenhom thrust system.

Such an orientation does not agree

with either of the previous models, does not agree with Laramide
movement on coeval northwest-trending faults, and is not consistent
with coeval motions in the surrounding thrust belt.
Because the stress configuration plays such an important role in
controlling thrust motions and the structural relationships between
faults and folds, it was necessary to accurately define the true
compression orientation responsible for creating the anomalous trend
and subsidiary structures of the central

Sncwcrest Range.

In

addition, because the trend of the Snowcrest and Greenhorn Ranges are
arcuate (concaved westward), it was necessary to determine whether
their trend was indicative of a rotating stress field or not.

To

answer these questions, a detailed structural analysis of microscopic
and mesoscopic fabric elements such as calcite twin lamellae and
macrofractures was conducted throughout the entire Sncwcrest Range.
Calcite Twin Analysis
The technique of applying the orientation of calcite twin
lamellae (e lamellae) to determine the axes of compressive stress
responsible for the twinning was developed by Turner (1953).

Because

of the lack of computers and the tedious nature of the technique, its
application to field studies was not canmon until the 1970's.
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Spang

(1972) modified the analysis by incorporating the numerical method for
calculating compressive and tensile stress axes.

Groshong (1972)

perfected the analysis by developing the least-squares strain gauge
technique

which

determines the amount

experienced

and the

developments

and the

principal strain

of

strain a

axes.

sample has

With

advent of personal computers,

these new

it has

been

determined that calcite twins within a deformed carbonate rock is an
early deformational fabric which records the initial stress and strain
axes of a deformation event.

In addition, the maximum shortening

direction and the mean compression axis have been found in most cases
to parallel

both the

transport direction and bedding(Ballard &

Wiltschko, 1983; Chappie & Spang, 1974; Craddock & van der Pluijm,
1987, personal communication, 1987, 1988; Craddock & Wiltschko, 1983;
Craddock et al., 1988; Groshong, 1975; Spang, Walcott, & Serra, 1981;
and Wiltschko,

Medwedeff, & Millson,

1985).

Hcwever,

samples

collected in overturned folds and within veins have shown maximum
shortening and compression directions which are no longer parallel to
bedding (Allmendinger, 1982; Craddock & van der Pluijm, 1987, personal
communication, 1987; Kilsdonk & Wiltschko, 1985; Spang & Groshong,
1981; and Wiltschko & Budai, 1985).

It is believed that the crystal

fabric created during earlier deformational events are preserved
through strain hardening and that later events with possibly different
orientations will not alter the previous fabric but became overprinted
upon it

(Ballard & Wiltschko,

1983;

Craddock & van der Pluijm,

personal ocmmunication, 1987; Groshong, 1975; Kilsdonk & wiltschko,
1985; and Wiltschko et al., 1985).
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Because strain and compression axes determined from twinned
calcite are believed to have been recorded within the sample during
the early stages of deformation, they presumably represent a pretranslational fabric which is indicative of the early, regional stress
configuration.

If this is true, then in an area where the early

stress configuration is unknown for a particular deformation event, it
should be possible to make the necessary calculations and rotations to
return the sample back to its original orientation which could then
indicate

the

shortening.

early

compression

azimuth

responsible

for

crustal

The technique, then, should be capable of resolving the

stress configuration responsible for the Blacktail-Snowcrest foreland
uplift during incipient uplift in Coniacian time.
Methods
Oriented samples of coarse-grained limestones were collected
throughout the study area and along the entire length of the Sncwcrest
Range.

Formations

which

provided

suitable

samples

include

Mississippian Mission Canyon, Lombard, and Conover Ranch Formations as
well as the Triassic Thaynes Formation.

The orientation of an average

of 90 calcite crystals were measured per sample in two perpendicular
thin sections utilizing a 4-axis universal stage microscope and a
computer program written by Mr. Sandy Ballard which was modified by
the author.

The program mathematically calculates two possible plunge

orientations for the c-axis of a calcite crystal when the bearing and
plunge of the e-pole and the azimuth of the c-axis are known in
universal

stage

coordinates.

The

rotation

of

universal
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measurements and the contouring of compression axes were performed
with a computer program written by Dr. R. H. Groshong Jr. which had
been modified by Dr. D. V. Wiltschko (personal communication, 1986) of
Texas

A

&

M

University's

Center

for

Tectonophysics

and

Jeff

Schuhknecht of Western Michigan University's Academic Computer Center.
Contour

plots

constructed

of

the

calculated • compression

after

the

Kamb

(1959)

method.

orientations
Strain

were

magnitude

measurements or analyses were not performed on the samples because
determining the compression orientation was the primary objective for
performing the calcite twin analysis.
After the initial run of the Groshong program, each sample was
subsequently divided into domains of positive (PEVs) and negative
(NEVs) expected values which were run separately through Groshong's
program (Plate VIII; Appendix C).

Positive and negative expected

values represent two mathematical domains of similar compression axes.
Separating

positive

and

negative

expected

differentiate superimposed deformation events.

values

was

done

to

Although Teufel (1980)

recommends only doing this if at least 40% of the grains yield
negative expected values, because of the large number of grains
measured, smaller percentages of NEVs produced significant results
when

separated.

The

number

of grains

measured,

the

relative

percentages of NEVs, and the maximum contour density (measured in
standard deviations) per sample is shown in Appendix C.
Once contour plots were constructed, compression axes were plotted
by hand on a Schmidt equal-area stereo net and rotated back to their
presumably initial positions when the present bedding orientation of
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the sample was rotated back to horizontal.

The rotation of bedding

back to horizontal for each sample incorporated all recognizable
structures which may have influenced its present orientation such as
southeast and southwest-plunging folds.

Samples which were not

affected by any recognizable plunging folds were rotated around the
strike to their present bedding orientations (Appendix C).

Results
Compression axes calculated using the calcite twin lamellae fall
into three categories: layer parallel or sub-parallel, layer normal or
sub-normal, and oblique to bedding (Figure 43).

layer parallel and

layer normal compression axes occur in every sample and were usually
differentiated by plotting negative and positive expected values
separately.

Compression axes oblique to bedding were less common.

Layer parallel compression axes when rotated back to their
presumably

initial orientation provided a consistent compression

azimuth which averaged S 85° E

(Figure 44).

Extension axes are

perpendicular to bedding except in sample #1 (Plate VIII) where it is
parallel to the strike of bedding.

Two samples provided bimodal

distributions of layer parallel compression axes which caused the
Spang numerical method to inaccurately calculate true compression axes
(samples 4 & 5; Plate VIII).

One compression axis of each bimodal

distribution is perpendicular to the axis of a major fold hinge in
which the sample was incorporated.

Layer parallel compression axes

were not always the output of positive expected values which is why
NEVs were always run separately.
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Figure 43. Schematic diagram illustrating the three calcite fabrics
determined within limestones of the central Sncwcrest
Range and their probable causes of formation.
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PI:ATE VIII

Figure 44. Generalized tectonic map of the Snowcrest-Greenhorn thrust
system, stereoplots of cxxipression axes determined by
calcite twin analysis, and the calculated Laramide
canpression azimuths.
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layer normal canpression axes when rotated back to their presumed
initial orientation provided extension axes which trend east-west and
average S 80° E.
or vertical.

Maximum compression axes remained normal to bedding

However, several layer normal compression axes were

located within overturned beds (samples 1,2,& 3; Plate VIII) and the
compression azimuth when unrotated aligns with those of layer parallel
axes which have been rotated.
Compression axes which are oblique to bedding are from sample #7
which is from the hinge of two intersecting folds (Plate VII).

In

this case, positive expected values produced a compression axis normal
to the northeast-trending West Fork anticline and NEVs produced a
compression

axis

normal

to

the northwest-trending

Clover Creek

anticline.
Interpretation
Ihe data

indicate that the maximum compressive stress was

horizontal or sub-horizontal throughout deformation of the Sncwcrest
Range.

Most importantly, the orientation of maximum compression was

approximately s 85° E (Figure 44). Ihis orientation corresponds with
Gries's

(1983)

model

which

suggests

east-west

compression

responsible for deformation during the Late Cretaceous.
slight

variation

of

5°

occurs between the

average

was

Although a
compression

orientation of the Sncwcrest Range and Gries7s (1983) model, a slight
rotation of bedding may have occurred during uplift along the
northeast-trending thrust system which was not accounted for.

Because

of the consistent compression orientation throughout the Sncwcrest
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Range a rotating stress field is no longer considered a viable
explanation for the curvature of the range.
Part of the difficulty in interpreting the calcite data is the
super position of deformation events.

The layer normal stress event

can be interpreted in one of several ways (Figure 43).

First, the

layer normal stress event may be representative of the extensional
regime active during the Paleozoic and early Mesozoic which created
the Sncwcrest trough.

Second, it may represent a second stage of

compression as beds became vertical to overturned between fixed fold
hinges during thrusting.

Similar results have been documented by

Allmendinger (1982) for overturned beds in the Wyaming-Idaho thrust
belt, but such a mechanism does not explain layer normal compression
in four cases of shallow dipping beds which are

believed

been steeply dipping (samples 4,5,7,8; Plate VIII).

to havenever

Third,

layer

normal compression may be the result of Tertiary extension.

The

orientation of the extension axes are suitable for any of these
interpretations and indicate a S 80° E extension orientation.

A forth

possibility may be bedding parallel extension along the hinge of a
fold above the neutral surface.

The forth possibility is not believed

to have caused layer normal compression because the extension axes are
not perpendicular to any fold axes in the study

area.

The choice between Paleozoic or Tertiary extension as the cause
of layer normal compression is constrained by which period had an
overburden which would be great enough to have a value of maximum
compression large enough to induce twinning.

Because the Sncwcrest

Region was a highland area during early Tertiary and a subsiding
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trough environment during the Paleozoic/early Mesozoic it is believed
that extension which created the Sncwcrest trough is the more likely
extensional regime responsible for twinning.

Layer normal canpression

during folding of the overturned beds may have overprinted the pre
existing strain hardened, layer-normal fabric.
Samples #4 and #5, which are near the hinges of the Sawtooth
Mountain and West Fork anticlines respectively,
compression axes which

are

distributions (Plate VIII).

layer parallel

contain secondary

and produced bimodal

In their current orientations, these

secondary compression axes are normal to the axes of the folds and are
believed to be the result of strain caused by folding (Figure 43).
The samples are presumably below the neutral surface within the fold
and are within the zone of compression.

Similar relationships have

been found in sample #7 where compression axes are normal to both the
Clover Creek and West Fork anticlines (Plates I and VII).
because of the two folding events,

the original

However,

layer parallel

compression event is no longer apparent and is masked by the later
twin fabrics.
Fracture Analysis
Two locations within the study area provided excellent exposures
of penetrative calcite filled extension fractures (Figure 45).

The

fractures are layer normal and are believed to be transport parallel
because they align with the maximum compression axes calculated by
calcite twin analyses (Figure 44).

Fractures along the Blacktail Road

within the Triassic Dinwoody formation trend S 82° E when bedding is
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Figure 45. Fhotograph (looking east) of extension fractures filled
with calcite within the Triassic Dinwoody Formation along
the Blacktail Road in the central Sncwcrest Range.
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rotated back to horizontal

(Appendix A, p.

215).

In Addition,

fractures located west of Sawtooth Mountain in the Lombard formation
trend S 75° E when bedding is returned to horizontal (Appendix A, p.
214).
Thrust Motions
Two factors control thrust motions within the Snowcrest-Greerhom
thrust

system:

weakness.

the

stress

configuration

and

previous

zones

of

The stress configuration controlled the direction of slip

along the fault planes and the previous zones of weakness provided
fault planes along which shortening took place..

The Snowcrest Range

would have achieved a trend perpendicular to the maximum canpression
axis similar to many other Rocky Mountain foreland uplifts, but
because of the pre-existing zones of weakness within the basement,
shortening was concentrated along northeast- and northwest-trending
faults instead.
The Greenhorn Range trends N 5° E which is perpendicular to the
calculated maximum compression orientation discussed earlier.

Fold

axes and thrust traces in this region as well as in the northern
Gravelly Range have the approximate north-south trend which

is

believed to be the result of pure dip slip motion (Plate VIII).
Schmidt and Garihan (1983) estimated 11 km of east-west horizontal
shortening across this region whereas Sheedlo (1984) calculated 11 to
15 km.

Fifteen kiloneters represents approximately 20% east-west

horizontal crustal shortening (Sheedlo, 1984).

Twenty percent east-
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west shortening is believed to have been constant along the entire
Snowcrest-Greerihorn thrust system.
South of the Greenhorn Range, the Snowcrest-Greenhom thrust
system begins to trend more northeasterly (N 30° E) in the northern
Sncwcrest Range (Plate VIII).

Ihis deflection in the trend of the

range is believed to have been influenced by the Snowcrest-Greenhom
lineament which controlled the formation of the Sncwcrest trough.
Reactivating this pre-existing zone of weakness was more efficient
than the thrust system retaining a north-south trend.
existing

zone of weakness

is believed to

have

Ihe pre

controlled the

northeast-trend for the rest of the central and southern Sncwcrest
Range (Plate VIII).
Because the Snowcrest-Greenhom thrust system trends N 30° E in
the northern Snowcrest Range pure dip slip motion did not occur and a
component of right-lateral strike slip was present.

Right-lateral

oblique motion along the thrusts has been documented by slickensides
measured along shear fractures within the Archean basement in this
portion of the range (Sheedlo, 1984).
Hie central Snowcrest Range trends N 65° E and is the region
where the right-lateral strike slip component of thrusting reached a
maximum along the SncwcrestGreenhorn thrust system.

Because a

significant portion of displacement was achieved by oblique slip,
decollements which extended into the Gravelly Range were no longer
necessary.

A similar amount of strain within the northern Snowcrest-

Greenhom thrust system which was achieved in the northern Gravelly
Range was probably manifested as strike slip motion in the central and
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southern Sncwcrest Range.

Although the range trends N 65° E in this

region, north-south trends are apparent on shallow thrusts in the
Centennial Divide area east of the Sncwcrest Range and along the trace
of the Sncwcrest thrust zone 3 km north of the East Fork Blacktail
Deer Creek where Archean basement is placed above the Cambrian
Flathead Formation (Plates I and VIII).

In this region, shortening

was also presumably achieved by oblique left-lateral slip along
northwest-trending, southwest-dipping blind and exposed thrusts which
created the Clover Creek, Bonita Spring, Basin Creek, and Metzel Creek
anticlines (Plates I and VIII; Figure 46).

Seismic profiles indicate

these northwest-trending thrusts eventually attain north-south trends
as they extend towards the southeast.

The northwest-trending folds

are believed to be the result of ramp anticlines over oblique ramps
caused by the northwest-trending faults which were reactivated during
the

Blacktail-Snowcrest uplift.

faults

which .occur

throughout

Although the
southwestern

northwest-trending

Montana

have

been

documented to dip northeast (see Schmidt, 1975; Schmidt & Garihan,
1983)

it is proposed that southwest of the Blacktail fault the

northwest-trending faults begin to dip southward.

This interpretation

is supported by seismic profiles across northwest-trending anticlines
in the central Sncwcrest Range.
The southern Sncwcrest Range appears to trend more northerly (N
50° E) than the central Sncwcrest Range discussed above (Plate VIII).
The region was also

influenced by northwest-trending folds,

and

decollements probably do not extend into the southern Gravelly Range.
The component of right-lateral strike slip is probably not as great in
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Figure 46. Idealized block diagrams illustrating the inferred sequence
vof faulting along northwest-trending faults to create the
observed fold interference pattern seen in the central and
southern Sncwcrest Range.
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this region as the central Sncwcrest Range because of its more
northerly trend.
Even though the trend of the Snowcrest-Greehhom thrust system
changes along strike,

field observations indicate that basement-

involved thrusts retain a constant dip of 35 to 39° NW.

With an east-

west canpression orientation, oblique slip on thrusts in the Snowcrest
Range occurred along apparent dips which were as much as 15°

more

shallow than the true dips.
If east-west shortening was constant along the entire SnowcrestGreenhom thrust system, the amount of throw or uplift along the
thrust planes would have varied proportionally to the trend of the
thrust system.

Such a relationship appears to have occurred with the

greatest amount of uplift in the Greenhorn Range where pure dip slip
is inferred and the least amount of uplift in the central Snowcrest
Range where strike slip motion was greatest.
tear

faults,

which

were

discussed

The northwest-trending

earlier,

accommodated

the

differential uplift laterally along the range (Figure 47).
Greater uplift in the northern region of the thrust system is
responsible for the southwestern plunge of folds such as Sliderock
Mountain and Sawtooth Mountain anticlines and Spur Mountain syncline.
Differential uplift is illustrated best along the Snowcrest thrust
zone.

Maximum uplift along this zone occurred in the north and

stratigraphic throw decreased progressively towards the southwest
until it dissipated within the Sawtooth Mountain anticline.

The

Snowcrest thrust zone, which remains buried, is inferred to continue
southwestward in the hinges of the West Fork and Basin Creek
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Figure 47. Block diagram illustrating three dimensioned relationships
of subsurface structures within the central Snowcrest
Range.
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anticlines.

South of the Basin Creek anticline, the trend of the

southern Snowcrest Range is more northerly and thus greater dip slip
and throw occurred than in the central Snowcrest Range.

The Snowcrest

thrust therefore breached the Basin Creek anticline and Archean
basement rocks are once again exposed
Ziegler, 1954; Perry et al., 1988).

(Plate VIII;

see maps in

In addition, less uplift occurred

in the central and southern Sncwcrest Range because significant
amounts of displacement have also been achieved on the northwesttrending oblique ramps (Figure 46).
The southeastern plunge of ramp anticlines above the northwesttrending thrusts suggest uplift was greatest toward the northwest.
Thrusting and folding along the northwest-trends is believed to have
occurred

later

than

the

northeast-trending

thrusts

because

the

overlying northeast-trending thrusts and their debris (the Beaverhead
Group) have been refolded on northwest-trending axes.

The northwest-

trending and north-south-trending basement-involved thrusts southeast
of the Sncwcrest Range are not believed to be associated with the
northwest-trending, thin-skinned thrusts of the impinging Cordilleran
thrust belt, but are considered part of the Snowcrest-Greenhom thrust
system and reflect the principal shortening direction on that system.
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CHAPTER VI

PQST-IARAMIDE DEPQEMATION IN THE CENTRAL SNCWCREST RANGE
Regional Tectonic Setting
Middle Eocene time marked the end of crustal shortening and thus
the cessation of foreland uplift within the North American Cordillera.
With the reduction in horizontal compressive stress,

extensional

tectonics were active and the extensiabal features of the Basin-andRange structural province were initiated.

In addition, the change in

the tectonic regime of the western Cordillera was accompanied by a
change in volcanic activity throughout the region.

Bimodal volcanism

was initiated with rhyolite extrusion during Late Eocene with the
addition of basalts during the Oligocene
Fields,

Tabrum, Rasmussen,

& Nichols,

(Chadwick,

1978,

1985; and Reynolds,

1981;
1979).

Throughout the Great Basin, large grabens were formed which acted as
depocenters for Cenozoic sediments.
Southwestern Montana is considered part of the Basin-and-Range
extensional province (Reynolds, 1979).
formed throughout the area (Figure 48).

large intermontane basins were
Subsidence of the basins is

believed to have initiated during late Eocene/Early Oligocene time
with the deposition of the Renova formation (Kuenzi & Fields, 1971).
Subsidence of the basins continued into late Miocene time along with
volcanism

which

occurred

intermittently

(Chadwick, 1981; Monroe, 1981).

until

the

Pleistocene

Subsidence was also active during the
168
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Pliocene and even the Holocene in seme areas.

Thicknesses of 1830 m

(6000 ft) for Cenozoic sediments have been estimated within several
basins of southwestern Montana (Kuenzi & Fields, 1971) with as much as
4572 m (15,000 ft.) in the Madison valley (Schofield, 1981).
The central Snowcrest Range is bounded along its northwestern
flank by the northeast-trending Sage Creek-Ruby intermontane basin and
associated Snowcrest-Greenhom range-front normal fault system (Plate
I).

The fault system has been extended southward from the northern

Snowcrest Range were it had been mapped by Sheedlo (1984).

The

Bozeman Group which fills the basin as well as the isolated Tertiary
volcanic material was discussed earlier in Chapter II.
Description of Faulting
Snowcrest-Greenhom Ranae-Front Fault System
The Snowcrest-Greenhom range-front fault system extends along
the entire length of the northwestern flank of the Greenhorn and
Snowcrest Ranges.

KLepper (1950) and Gealy (1953) both speculated on

the possibility of structural control for the Sage Creek and Ruby
basins.

Hcwever, Ziegler (1954) showed the basin-bounding normal

fault to be a thrust.

A gravity interpretation by Burfeind (1967) and

stratigraphic studies on the Tertiary sediments by Monroe (1976, 1981)
helped delineate the basin margin which was illustrated as a normal
fault contact with the Sncwcrest and Greenhorn Ranges by Ruppel
(1982).

Sheedlo (1984) mapped the fault system along the northwestern

margin of the northern Sncwcrest Range, and Perry et al. (1988) have
mapped the southern extension of it in the vicinity of Henry Gulch.
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Perry et al. (1988) have referred to the main normal fault of the
system as the Sage Creek fault.
The normal fault system parallels the Snowcrest-Greenhom thrust
system and appears to merge with or truncate the earlier thrust zones.
In the central Sncwcrest Range the fault system trends N 40° E to N
60° E.

Exposures of the Snowcrest Range-front

fault are non

existent, but the location of the fault plane can be inferred rather
precisely because of the juxtaposition of Cenozoic rocks against upper
Paleozoic rocks.

Three-point constructions of this fault plane

indicate dips which vary from 57 to 78° NW.
similar

dip

values

within

the

Sheedlo (1984) calculated

northern

Snowcrest

stratigraphic separations as much as 2,300 to 3,300 m.

Range

with

Stratigraphic

throw appears to decrease towards the southwest with possibly no
displacement near the western margin of the study area where Tertiary
deposits onlap the West Fork anticline (Plate I).
The primary normal fault system places Cenozoic rocks against
Mississippian limestones and the Pennsylvanian Quadrant Formation
(Plate I).

A secondary system of synthetic faults, which were

initially recognized by Sheedlo

(1984)

in the northern Snowcrest

Range, extend southward into the central Snowcrest Range and place
upper Paleozoic rocks against Archean metamorphic rocks and more
gently dipping Mississippian units (Plates I-VII).

The secondary

synthetic faults appear to have reactivated older thrust surfaces of
the West Fork thrust zone and therefore both normal and thrust fault
symbols have been indicated along these particular faults (Plate I).
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Northwest-Trending Normal Faults
Although no exposed northwest-trending faults are apparent within
the

study

area,

the

Blacktail

fault

is

believed

to

extend

southeastward to intersect with the Snowcrest Range near the East Fork
Blacktail Deer Creek.

Hie Blacktail fault is a major basin-bounding

normal fault for the northwest-trending Blacktail basin

(a half-

graben) which defines the northern boundary of the Blacktail Range
(KLepper,

1950;

Schmidt & Garihan,

1986).

The Blacktail fault

arbitrarily defines the boundary between the Sage Creek basin to the
southeast and the Ruby basin to the northeast (Plate VIII).

The

intersection of the Blacktail, Sage Creek and Ruby basins appears to
be the deepest portion of the three basins as indicated by a regional
bouger gravity map created by Kulik and Perry (1988).

The Blacktail

fault dips steeply towards the northeast and has been estimated to
have at least 600 m (2000 ft) of stratigraphic throw (KLepper, 1950).
The Blacktail fault may have influenced the left lateral offset
along the primary and secondary faults of the Snowcrest range-front
fault system in the vicinity of the East Fork Blacktail Deer Creek
(27-11S-5W).

In this area, zones of weakness which were reactivated

during Tertiary extension may have been initially offset across the
East Fork tear during Laramide shortening.
Additional northwest-trending faults occur north of the study
area within the Ruby basin such as the Stone Creek and Sweetwater
faults which have been discussed by Sheedlo (1984), Monroe (1976), and
Schmidt and Garihan (1986).
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Description of Folding
Whiskey Soring Anticline
The Whiskey Spring anticline roughly parallels the SnowcrestGreenhom range-front normal fault system and involves only Tertiary
rocks.

The anticline is located in sec. 10, T. 12 S., R. 6 W. and

crosses the Blacktail Road approximately .7 km south of Whiskey Spring
(Plate I). The Tertiary beds which form the southeastern limb of the
anticline dip towards the Snowcrest Range and into the range-front
normal fault system with dips of 14 to 35° SE.

The northwestern limb

dips gently into the Sage Creek basin with dips of 7 to 14° NW.
Interlimb angles for the fold vary frcm 131 to 159°.

The anticline is

asymmetrical, upright, and appears horizontal with an axial trace of N
46° E (Figure 49).
The Whiskey Spring anticline is only crudely defined and appears
to die out towards the southwest.

Interlimb angles increase towards

the northeast as the fold hinge progressively increases its distance
from the range-front fault system (Plate I).

The fold hinge was

traced for approximately 5 km northeast and is believed to continue
northeastward.

Further north, Gealy (1953) recognized arching and a

consistent dip of Tertiary beds towards the Snowcrest Range near the
basin's margin but did not map any folds.

A similar fold and possibly

the northeast extension of the Whiskey Spring anticline was mapped
along the northern Snowcrest Range by Sheedlo (1984) as the Ledford
Creek anticline.
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SE

NW

Figure 49. Ehotograph (looking southwest) and schematic sketch of the
Whiskey Spring anticline which consists entirely of
Tertiary sediments along the western flank of the central
Sncwcrest Range.
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Tectonic Inheritance
Snavcrest-Greenhom Rame-Front Fault System
Adhering to the theme of recurrent movement along the SnowcrestGreenhom thrust system, the Snowcrest-Greenhom range-front fault
system is believed to have been positioned along a previous zone of
weakness.

Although such a relationship cannot unequivocally be

proven, field evidence and spacial relationships demand an association
between late Cretaceous and Cenozoic structures.

Throughout the

Snowcrest Range, the trend of the range-front fault system mimics that
of

the

Snowcrest-Greenhom

thrust

system

and

appears

to

have

reactivated previous thrusts of the West Fork thrust zone.

As

discussed earlier, the range-front fault system dips steeply 57 to 78°
NW whereas the Snowcrest-Greenhom thrust system achieves a maximum
dip of 40° NW.

Because the surface expression of the range-front

fault system lies west of the Snowcrest-Greenhom thrust system,
interaction between the two fault systems is required at depth.
Either the two fault systems merge at depth or intersect and continue
to follow separate trajectories.

A merger of the fault systems at

depth is believed because rollover of the Tertiary sediments (Whiskey
Spring anticline)

into the Snowcrest-Greenhom

range-front

fault

system demands that the normal fault system's geometry be concaved
upward

or

listric

(Plates

II-VII).

Rollover

is

geometrically

impossible along a normal fault which retains a constant dip (Figure
50).

The zone of weakness which was reactivated by the Snowcrest-

Greenhom thrust system is the most practical and efficient horizon
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Figure 50. Schematic diagram ccnparing the relationship of rollover
anticlines along listric normal faults to the geometry
developed by planar normal fault surfaces.
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for the range-front fault system to position itself in order to obtain
a listric geometry.

These faults and similar normal faults which

parallel other thrust systems have previously been interpreted to
merge at depth (Schmidt, Sheedlo, & Werkema 1984; Sheedlo, 1984;
Wigger, 1985; Young, 1984).
Northwest-Trending Normal Faults
The northwest-trending faults within the Snowcrest region have
been reactivated during every previous tectonic event (see Schmidt &
Garihan, 1979, 1983, 1986; Maughan & Perry, 1982) and were utilized
once again during Cenozoic extension.

The northwest-trending faults

represent a pervasive, regional, structural trend within the basement
which is easily reactivated to accommodate strain.

These faults have

been discussed earlier and are believed to have initiated during
Proterozoic rifting of the craton (Schmidt & Garihan, 1979, 1983).
Geometry and Kinematics of the Sage Creek and Ruby Basins
The most comprehensive structural analysis of the Sage Creek and
Ruby basins has been presented by Sheedlo

(1984).

Additional

structural analyses on these and similar basins have been presented by
Schmidt et al. (1984), Schmidt and Garihan (1986), and Young (1984).
The Sage Creek and Ruby basins are interpreted to be the result
of the collapsed arch of the Blacktail-Snowcrest uplift (Schmidt et
al., 1984; Sheedlo, 1984).

The basin is believed to have a geometry

of a half-graben with maximum displacement along the SnowcrestGreenhom range-front fault system and antithetic movement along the
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Ruby range-front fault which forms the northwestern margin of the
basins (Sheedlo, 1984).

Collapse of the uplift was initiated when

Cenozoic extension caused the uplift to "back down" the pre-existing
Snowcrest-Greenhom thrust system (Sheedlo, 1984).

As the uplift

"backed down" the thrust zone, the toes of the frontal thrust sheets
were left behind and new form the Snowcrest and Greenhorn Ranges
(Figure 38h).

As the collapsed arch subsided, northwest-trending

faults are believed to have reactivated in a "pivotal" manner with
maximum displacement along the basin's margin? and the horizontal
"pivot"

in the center of the upper Ruby and Sage Creek basins

(Sheedlo, 1984) (Figure 51).
Previous models have attributed the position of the range-front
normal faults to extension fractures which formed during foreland
uplift because tensional forces were concentrated along the outer
portions of the arch (see, Schmidt et al., 1984; Schmidt & Garihan,
1986; Sheedlo,

1984)

(Figure 52).

In addition,

Sheedlo

(1984)

suggested that stored elastic strain may have helped form extension
fractures normal to the previous compression orientation.

Although

these mechanisms may have played significant roles during extension,
the

location of the normal

fault system

is

interpreted to be

controlled mainly by the position of the basement ramp of the
Snowcrest-Greenhom thrust system.

The normal faults of the system

concentrated within the hanging wall thrust sheet above the inflection
point of the foot wall where the concave upward ramp becomes concave
downward before becoming flat (Figure 53).

Similar relationships

between foot wall ramps and normal faults are inferred to be common
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Figure 53. Schematic diagram illustrating the inferred relationship of
the Neogene range-front normal fault to the SnowcrestGreenhom thrust system.
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within the Wyoming sector of the Cordilleran thrust belt (eg. Royse,
Warner, & Reese, 1975).
Fault motions are believed to be primarily dip slip (Sheedlo,
1984) under a stress configuration with tensional axes oriented eastwest (Sbar, Barazangi, Dorman, Scholz, & Smith, 1972; Smith & Sbar,
1974).

If layer normal ccrpression axes calculated by calcite twin

analysis represents Cenozoic extension, the east-west trend of the
tension axes are in agreement.

In addition, Sheedlo (1984) calls for

a period of north-south extension to achieve displacement along the
northwest-trending faults.

Such an orientation has also been proposed

by Smith and Sbar (1974).

This may not be necessary if the Northwest-

trending faults act as extensional tear faults which accomodate
differential extension across the basin.
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CHAPTER V I I

SUMMARY AND CONCLUSIONS
Geologic History
The centred Snowcrest Range as well as all of southwestern
Montana

has

experienced

a

long

lived

tectonic

history

cumulatively has created a structurally complex: geometry.

which

Once the

initial northeast-trending and northwest-trending structural grain was
established within the basement, these zones of weakness were commonly
reactivated during later strain events.

Reactivation of the previous

zones of weakness obscured trends which represent the behavior of an
isotropic crust.
A brief summary of the tectonic history for the SnowcrestGreenhom region is as follows:
1.

Continental collision appears to have created the strong,

northeast-trending structural grain within the metamorphic basement
assemblages in southwestern Montana during Late Archean time 2.6-2.5
Ga (Mogk & Henry, 1988; and Mogk, Mueller, Weyand, Wooden, & Bowes,
1988).

This accretionary event juxtaposed distinct 1ithostratigraphic

terranes which are separated by major shear zones (Erslev, 1983; Mogk
& Henry; and Mogk et al., 1988).

The structure of the basement

terranes of southwestern Montana appears very similar to the Cheyenne
Belt (an accretionary terrane) of southeastern Wyoming as discussed by
Dubendorfer and Houston (1987).

Retrograde metamorphism and shearing
183
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has

strongly modified

seme basement terranes

during the

Early

Proterozoic 1.8-1.6 Ga and may represent the final amalgamation of the
earlier Late Archean continental collision (Erslev, 1983; Fountain &
Desmarais, 1980; Giletti, 1966; and O'Neill et al., 1988).
2. Middle Proterozoic rifting of the craton initiated the
secondary structural framework within the basement by producing a set
of northwest-trending normal faults (Schmidt & Garihan, 1979, 1983).
The Belt Supergroup was deposited during this period within the rift
basins.
3. The early Paleozoic provided a relatively stable environment
on the continental shelf.

However, the embryonic Snowcrest trough

began to form at this time indicating that minor subsidence was
occurring.

The result of this subsidence was thickening of formations

along the Snowcrest-Greenhom lineament (Peterson, 1981).
may have occurred along a weakened suture zone.
the

Antler

Orogeny,

Devonian

sediments

Subsidence

Curing the period of

indicate

a

tectonically

unstable environment (Maughan, personal communication, 1988) probably
because of ccmpress.ional forces caused uplift along an inferred
basement shear zone which parallels the Snowcrest-Greenhom lineament.
4. Minor subsidence continued within the Snowcrest trough and
culminated during Late Mississippian and Pennsylvanian time with as
much as 600 m (2000 ft) of throw along the trough-bounding fault.

The

Snowcrest trough is believed to have been a large half-graben bounded
by a listric normal fault system that may have formed by east-west
extension.

The Snowcrest trough remained an active site of deposition

and subsidence until Jurassic time.
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5. Stratigraphic evidence indicates embryonic uplift within the
Blacktail-Sncwcrest region was initiated during Jurassic time and was
coeval with the docking of the StiMnia microplate
DeCelles,

1988).

(Schwartz &

As many as eight additional periods of uplift

occurred in the Snowcrest region from Jurassic to late Cretaceous time
(Schwartz & DeCelles, 1988).
these periods of minor uplift.

Deposition continued to occur between
Uplift during these periods may have

reactivated the Snowcrest trough-bounding normal fault to initialize
the embryonic Blacktail-Snowcrest uplift.
6. Major thrusting responsible for the development of the
Blacktail-Sncwcrest foreland uplift occurred from Coniacian through
Campanian time (88-78 Ma) (Nichols et al., 1985; Perry et al., 1988).
Hie maximum compressive stress was oriented approximately S 85° E
which caused various amounts of oblique slip to occur along the
Snowcrest-Greenhom thrust system.

Maximum uplift with dip slip

thrusting occurred in the north-south trending Greenhorn Range whereas
minimum uplift and maximum right-oblique thrust slip occurred within
the central and southern Sncwcrest Range.
supplied

coarse-grained

conglomerates

and

Erosion of the uplift
sandstones

for

the

synorogenic Beaverhead Group deposited along the southeastern flank of
the range.

In the northern region of the Snowcrest-Greenhom thrust

system, regional splays are interpreted to extend eastwardly along
decollements within Devonian shales to form the Gravelly Range thrust
system (Sheedlo, 1984).
7. Continued thrusting and uplift caused the northwest-trending
faults to became reactivated as major tear faults in order to
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accranmodate differential uplift along the Snowcrest-Greenhom thrust
system.

Progressive shortening caused folds to became tighter,

overturned,

and

eventually

breached

by

thrusts.

Although

no

consistent sequence of thrusting (ie. "forward11 or "reverse") occurred
within the range, certain thrusts are known to have broken forward or
backward within the Snowcrest-Greenhom thrust system.

Movement

developed along thrust planes which apparently required the least
amount of shear stress to achieve shortening regardless of sequence.
8. Large-scale interference patterns within the thrust sheets
above

the

Greenhom/Sub-Sncwcrest

thrust

zone

and

within

the

Beaverhead Group developed when thrusts were initiated along the
northwest-trending faults within the footwall of the Greenhorn/subSnowcrest sheet.

The northwest-trending faults within the basement

acted as oblique ramps which created ramp anticlines and folded the
overlying thrusts and northeast-trending folds.

Movement along the

northwest-trending faults within the basement represent the last
stages of shortening of the Snowcrest-Greenhom thrust system and are
not considered part of the northwest-trending, thin-skinned, Tendoy
thrust system.

Uplift along the Sncwcrest-Greenhom thrust system is

believed to have ceased by late Campanian time (78 Ma) (Nichols et
al., 1985).
9. Late Eocene/Early Oligocene extension caused the BlacktailSncwcrest uplift to collapse and formed the Sage Creek and Ruby basins
(Schmidt & Garihan, 1986; Sheedlo, 1984).

Subsidence developed along

basin-bounding normal faults which parallel the Snowcrest-Greenhom
thrust system.

The normal faults are believed to merge with the
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thrusts

at

depth

(Sheedlo,

1984).

Hoe

basins

were

filled

syntectonically by sediments of the Bozeman Group.
10. Extension during Late Eocene/Early Oligooene was accompanied
by bimodal volcanism consisting of rhyolites and basalts.
activity in the region remained active through

Volcanic

the Pleistocene with

influences form the nearby Snake River Plain and Yellowstone Park.
11. Wisconsin glaciation presumably carved the large alpine
cirques and U-shaped valleys among the higher elevations of the
central Snowcrest Range.
Conclusions
Detailed

field

analysis

and

regional

and

local

balanced

structural cross sections of the central Snowcrest Range supports
previous interpretations that the Snowcrest structural terrane is the
result of a major Rocky Mountain foreland translational thrustuplift.

Hie position and trend of the Snowcrest Range was controlled

by a previous zone of weakness within the Archean basement rocks.
northeast-trending zone of weakness,

The

an Archean suture zone, was

reactivated during the Paleozoic as a listric, trough-bounding, normal
fault and later reactivated as the Snowcrest-Greenhom thrust system
during foreland uplift in Late Cretaoeoous time.
A secondary, northwest-trending, basement fabric which developed
during Middle Proterozoic rifting also experienced multiple periods of
reactivation.

Northwest-trending faults southwest of the Blacktail

fault are proposed to dip southwestward towards the southern cratonic
margin.
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Analysis of microscopic and mesoscopic fabric elements such as
calcite twin

lamellae,

fractures,

macroscopic axial traces of
shortening

direction

and

and slickensides,

folds,

the

as well

as

indicate that the principal

maximum

compressive

stress

were

horizontal and oriented approximately S 85° E throughout the Snowcrest
Range.

Therefore, the concave westward curvature of the Snot/crest

Range is not the result of a rotating stress field.

The anomalous

northeast-trend of the range is controlled by the basement fabric and
is not indicative of the regional stress configuration.
shortening

direction

for

the

Blacktail-Snowcrest

An east-west

uplift

is

in

agreement with that for other Late Cretaceous Rocky Mountain foreland
uplifts and the Cordilleran thrust belt.
Because of the regional stress configuration and the varying
trend of the Snowcrest-Greenhom thrust system, varying degrees of
oblique slip occurred along the thrust system.

Maximum uplift

occurred within the Greenhorn Range because the thrust system trends N
5° E and pure dip slip motion was obtained.

Minimum uplift was

achieved within the central and southern Snowcrest Range because the
thrust system trends N 65° E and N 50° E respectively and a large
component of strike slip motion was developed.

Differential uplift

along the thrust system was accommodated by reactivating northwesttrending faults as tears such as the Cornell Trail and the East Fork
tears.

The variation in thrust motion caused rotation of the thrust

sheets which in turn caused macroscopic folds associated with them,
such as the Sliderock Mountain and Sawtooth Mountain anticlines and
the Spur Mountain syncline, to plunge gently southwest.

North-south
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trending fold axes within the Centennial Divide thrust zone and the
north-south trace of the Snowcrest thrust zone north of the East Fork
Blacktail Deer Creek are representative, of structures found normal to
the regional compressive stress.
Hie numerous thrusts, imbricates, and shear zones within the
Snowcrest-Greenhom thrust system are believed to merge at depth to
form one master detachment within the basement.

Hie thrust system

developed a flat-ramp-flat geometry with the basement forming the
foctwall ramp and the thrust system obtaining a more shallow or flat
geometry where it was no longer bounded by the basement.

Shallow

splays which extend eastward within the Early Cretaceous sediments
locally form triangle zones with thrusts which propagate westward.
Macroscopic interference patterns created within the Snowcrest
and Greenhorn/Sub-Snowcrest thrust sheets as well as in the Beaverhead
Group were

formed by the thrusts along pre-existing,

dipping, northwest-trending basement faults.

southwest-

Hiese faults behaved as

oblique ramps relative to the -shortening direction and their ramp
anticlines are responsible for the interference patterns created on
the surface.

Hiese northwest-trending folds plunge southeastward

because maximum uplift occurred in the vicinity of the exposed
Paleozoic rocks of the Snowcrest and Greenhorn/Sub-Snowcrest thrust
sheets.

Hie variation in throw southeastward is caused by uplift

along more steeply dipping northwest-trending faults

beneath the

Snowcrest structural terrane which attain more representative northsouth trends and shallower dips toward the southeast.
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Calcite twin analyses indicate rocks within the study area have
experienced secondary and tertiary strain events.

After the initial

development of layer parallel, pre-translational strain, later folding
events

during

thrusting

produced local

strains

and

compression

orientations within the hinges which were normal to the axes of the
folds and overprinted the initial calcite twin fabric.
strain

events

are

indicative

of

late

layer normal

Paleozoic/early

Mesozoic

extension, and/or Cenozoic extension, arching along the outer portions
of folds, and/or later stages of compression developed as beds were
rotated between
position.

fixed

fold hinges to a vertical

or overturned

Secondary and tertiary strain fabrics overprinted the

primary fabric.

By measuring a large number of grains,

domain

analyses were performed by separating positive and negative expected
values of principal stresses to differentiate superimposed deformation
events.

This was successful when less than 40% of the grains are

initially negative expected values.
Cenozoic extension, which caused the collapse of the BlacktailSnowcrest uplift and created the Sage Creek and Ruby basins, was
controlled by late Cretaceous structures.

Basin-bounding normal

faults parallel, truncate, and reactivate previous thrust zones of the
Snowcrest-Greenhom thrust system.

Rollover of Cenozoic sediments

into the range-front normal fault system indicates that the normal
faults are listric.

The normal faults are believed to merge with the

underlying thrusts at depth.

The position of the normal fault system

is believed to be controlled by the location of the ramp within the
basement rocks of the Snowcrest-Greenhorn thrust system.
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Curing

Cenozoic extension, ttie Snowcrest structural terrane did not collapse
into the Sage Creek and Ruby basins because it rested on a more stable
(flat portion) region of the Snowcrest-Greenhom thrust system.
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S-pole diagram for the Sawtooth Mountain anticline (B^) and the
Bonita Springs antiline (B2 ) (162 poles to bedding contoured at 0%, 2%,
4%, and 10%).
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N

o

B = 5°/N53°E

S-pole diagram for the West Fork anticline (168 poles to bedding
contcwred at 0%, 1%, 4%, 8%, 12%, and 16%).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

196

N

B = 7°/N57°E

S-pole diagram for the northern portion of the West Fork anticline.
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N

S-pole diagram for the southern portion of the West Fork anticline
(Bj_) and the Clover Creek anticline (B2 ) (213 poles to bedding contoured
at 0%, 5%, 10%, and 15%).
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% = 17°/N64°E
B2 = 12°/N24°W

S-pole diagram for the Antone Peak syncline (B^) and the Peterson
Basin syncline (B2 ) (275 poles to bedding contoured at 0%, 3%, 6%, 9%,
12%, and 15%).
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B = 7°/S61°W

N

Statical BCM-86-19

B = 4°/N65°E

N

Station Bcro-06-21

B = 3°/S73°W

N

Station BCM-86-93

B = 11°/N56°E

N

Station BCM-86-19b

S-pole diagrams for folds in the Lombard Limestone.
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B = 13°/S56°W

N

Station BCM-86-91

B = 8°/N63°E

Station BCM-86-3

B = 41°/N49°E

Station BCM-86-2

Station BCM-20

S-pole diagrams for folds in the Lombard Limestone.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

B = 7°/S36°W

Station BCM-86-88
Lombard Limestone

Station BCM-87-618
Lombard Limestone
N

Station BCM-87-554
Frontier Formation

S-pole diagrams of folds in the Lombard Limestone and the Frontier
Formation.
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A.
B.

S-pole diagram for the Honeymoon Park syncline.
S-pole diagram for the Stonehouse Mountain anticline.
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B = 3°/N39°E

N

B = 1°/N37°E

o
55 poles to bedding contoured
at 0%, 4%, and 20%.

54 poles to bedding contoured
at 0%, 8%, and 25%.

B = 5°/S33°W

S-pole diagrams for folds in the Beaverhead Group.
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S-pole diagram for the West Fork syncline (84 poles to bedding
contoured at 0%, 4%, 10%, 15%, 20%, 25%, and 30%).
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A.
B.

S-pole diagram for the Cornell anticline.
S-pole diagram for the Cornell syncline.
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B = 33°/S84°E

Station BCM-87-619

B = 41°/S40°E

N

Station BCM-87-619

Station BCM-87-619

B = 30°/S45°E

Station BCM-87-437

S-pole diagrams for folds in the Lombard Limestone.
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B = 2 1 °/N 3 3 °W

B = 2 7 °/N 2 6 °W

Station BCM-87-1188
Frontier Formation

Station BCM-87-1191
Frontier Formation

Station BCK-86-92
Kibbey Sandstone

S-pole diagrams for folds in the Kibbey Sandstone and Frontier
Formation.
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110

poles to bedding contoured at 0 %,

B = 26°/S13°E

8 %,

and 16%.

N

52 poles to bedding contoured at 0%,

8 %,

and 16%.

A. S-pole diagram of the Clover Creek syncline within pre-Beaverhead
Group rocks.
B. S-pole diagram of the Clover Creek syncline within the Beaverhead
Group.
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B = 14°/S11°W

B = 17°/S9°W

N

A. S-pole diagram of the Jones Creek anticline.
B.'S-pole diagram of the Jones Creek syncline.
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A. S-pole diagram of the Pole Creek anticline.
B. S-pole diagram of the Pole Creek syncline.
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B = 2°/Sl°W

Station BCM-87-839

Station BCM-87-841

B = 9°/S22°W

Station BCM-87-1150

Station BCM-87-1150

S-pole diagrams of folds within the Frontier Formation.
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B = 2 7 °/S 1 0 °W

Station BCM-87-1151

Station BCM-87-1163

B = 4°/Sll°W

N

Station BCM-87-1171

N

B = 2°/S13°W

N

Station BCM-87-1175

S-pole diagrams of folds within the Frontier Formation.
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B = 1 7 °/S 6 °W

213

N

Station BCM-87-732
Lonbard Limestone

Station BCM-86-103
Conover Ranch Formation

18°/S16°W

Station BCM-8 6 - 8 8
Lombard Limestone

Station BCM-87-244
Lodgepole Formation

S-pole diagrams of folds within the Lombard Limestone, Conover
Ranch Formation, and Lodgepole Formation.
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N

Canposite steredplot diagram of all fold axes within the study
area.
• = NE-trending folds
□ = NS-trending folds
A = NW-trending folds
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Sterecplot diagram shewing the rotations required to restore
bedding to horizontal. S„ = Dinwoody Formation bedding (N78°E/43°SE).
B = Clover Creek anticline axis.
B2 = West Fork anticline.
Sx =
Largest concentration of fractures.
Si' = Restored orientation of
fractures (S82°E/90).

N

Steroplot diagram shewing the rotation required to restore bedding
to horizontal.
SQ = Lombard Limestone bedding (Nl^/SO^E).
=
Bonita Springs anticline axis. &2 = northern West Fork anticline axis.
Si = Largest concentration of fractures (N75°W/80°NE). Si' = Restored
orientation of fractures (S75°E/90).
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Whiskey Spring and Lima Dam quadrangles
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Locations of measured sections near Sunset Peak (A) and along the
West Fork Blacktail Deer Creek (B).
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Phosphoria Formation 776.4 ft 236.5 m
Section measured on the southeast flank along the ridge
1.6 miles southwest of Sunset Peak in continuity with the
Dinwoody, Woodside, Thaynes, Morrison, and Kootenai Formations
(SW NW 36-11S- 5W) .
Cumm.
Unit Thickness Thickness
35

22.5

776.4

Covered interval

34

37.4

753.6

Sandstone, yellcw-olive gray; fine
grained; non-calcareous.

33

38.4

716.2

Covered interval; consists of dolomite
float.

32

20.1

677.8

Chert and Dolomite; interbedded,
medium bedding, poorly exposed.

31

27.4.

657.7

Dolomite, white-light gray; fine
grained; massive bedding; laterally
continuous ridge former.

30

20.1

630.3

Dolomite, yellow-black; contains black
chert nodules.

29

18.3

610.2

Dolomite, white-gray; fine grained;
thin to medium bedding.

28

10.0

591.9

Dolomite, light gray; fine grained;
thinly laminated; thick to masive
bedding; laterally continuous ridge
former.

27

23.8

581.1

Dolomite, light gray; fine grained;
medium to thick bedding; some
white cherty zones.

26

5.5

558.1

Sandstone, brownish-light gray; medium
grained; thin to medium bedding;
thinly laminated; calcareous.

25

32.0

552.6

Chert, white; medium bedding; highly
fractured.

24

10.0

520.6

Shale & Siltstone, light brown to
black; interbedded; possibly
phosphatic; poorly exposed.
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23

40.2

510.6

Chert, dark gray-blue to lic£it gray;
thin to medium beddng; same
yellow-orange staining? laterally
continuous ridge former.

22

21.9

470.4

Dolomite, light gray; medium to thick
bedding; fine grained; thinly
laminated; seme brachiopods;
poorly exposed.

21

85.9

448.5

Covered interval; yellow-orange.
siltstone float; forms distinct
break in slope.

20

34.7

362.6

Dolcraite, white-gray; fine grained;
thin bedding; occassional chertrich horizons; black chert nodules.

19

19.2

327.9

Sandstone, light gray-tan; fine to
medium grained; non-calcareous.

18

7.3

308.7

Dolcmite, white; thinly bedded; same
■ interbedded chert breccia; some
horizons of bedded chert.

17

7.3

301.4

Sandstone, white; clean
orthoquartzite; fine grained; very
mature; thinly laminated? slightly
calcareous.

16

32.0

294.1

Dolomite, white-gray; fine grained;
thin to medium bedded; contains
black chert nodules 5-10 cm in
diameter.

15

6.4

262.1

Sandstone, yellow-white; clean
orthoquartzite; fine to medium
grained; mature; weathers grayish
brown? slightly calcareous.

14

40.2

255.5

Dolomite, white; thin to medium
bedded; interbedded chert stringers
and thin beds.

13

32.9

215.5

Dolcanite, white-light gray; fine
grained; thick to massive bedding.

12

18.3

182.6

Sandstone, light yellow-tan;
orthoquartzite; thick to massive
bedding; cross-beds; slightly
calcareous; weathers light
yellow-brown.
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11

4.0

10

44.8

104.3

159.7

9

42.0

114.9

8

7.1

72.9

7

6

5.4

2.7

63.8

58.4
55.7

Covered interval

Dolomite, white; fine grained; large
massive bedding; highly fractured;
laterally continuous ridge former.
Limestone & Dolomite, white-light
gray; interbedded; medium bedded;
black chert nodules and white
chert bands; poorly exposed.
Covered interval.
Limestone, light gray; micritic;
medium bedded; black chert nodules
6 cm in diameter are present; some
white chert horizons 2 cm thick.
Covered interval.

5

3.6

4

2.7

3

4.6

49.4

Limestone, light gray; fine grained
micrite; thin layers of small white
chert nodules and beds.

2

17.4

44.8

Covered interval; thinly bedded
limestone float.

1

27.4

52.1

27.4

Dolomite, olive gray; fine grained;
medium bedded; weathers gray-brown.
Covered interval.

Covered interval; siltstone float.

Dinwoodv Formation 466.2 ft 142.1 m
Section measured on the southeast flank along the ridge
1.6 miles southwest of Sunset Peak in continuity with the
Phosphoria, Woodside, Thaynes, Morrison, and Kootenai
Formations (SE NW 36-11S- 5W).
Cumm.
Unit Thickness Thickness
4

194.6

466.2

Limestone/Siltstones, yellowish-brown
orange; thinly bedded, rythmically
interbedded.
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3

165.4

271.6

Limestone, chocolate brown; Lingularich fossil horizons; occassional
interbeds of siltstone; thinly to
medium bedded.

47.1

106.2

Limestone, chocolate brown; thinly
bedded; interbedded with very thin
horizons of siltstone.

59.1

59.1

Woodside Formation

Covered interval; red and white
siltstone float; assumed to be
shale interval of the lower
Dinwoody Formation.
353.3 ft.

107.7 m

Section measured on the southeast flank along the ridge
1.6 miles southwest of Sunset Peak in continuity with the
Phosphoria, Dinwoody, Thaynes, Morrison, and Kootenai
Formations (NE SW 36-11S- 5W).
Cumm.
Unit Thickness Thickness
1

353.3

353.3

Thavnes Formation

Siltstones, Mudstones, and Shales; red
beds (10 R 4/6); interbedded layers
of fine grain red calcareous
siltstones and alternating beds of
very thinly bedded gray, green, and
tan calcareous siltstones and
claystones; distinct saddle along
ridge; distinctive red bed
formation and soil zone.
405.2 ft.

123.5 m.

Section measured on the- southeast flank along the ridge
1.6 miles southwest of Sunset Peak in continuity with the
Phosphoria, Dinwoody, Woodside, Morrison, and Kootenai
Formations (NE SW 36- 11S-5W).
Cumm.
Unit Thickness Thickness
.18

24.8

405.2

Siltstone, W: grayish orange (10 YR
7/4); F: very pale orange (10 YR
8 /2 ); very fine grain; slightly
calcareous; thinly bedded 1 -2 ";
platey; mostly rubble.
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17

2.3

380.4

Limestone, light gray (O N 7) ;sparite
cement; abundant pelecyqpod
fragments; matrix supported;
Biopackstone; medium bedded; thinly
laminated; calcite veins
present.

16

2.0

378.1

Siltstone, W; grayish orange (10 YR
7/4); F: very pale orange (10 YR
8 / 2 ); very fine grain; slightly
calcareous; thinly bedded 1 -2 ";
platey; mostly rubble.

15

4.8

376.1

Limestone, light gray (O N 7); medium
to thinly bedded 1 -2 "; lenticular
chert nodules 6 " x 2 "; abundant
pelecyopod fragments; biopackstone.

14

30.5

371.3

Siltstone, W; pale yellowish orange
(10 YR 8 /6 ); F: very pale orange
(10 YR 8/2); thinly bedded 1/4"3"; platey; slightly calcareous;
seme pelecyopod fragments;
laterally continuous ridge former.

13

18.0

340.8

Covered interval; fonts a distinct
saddle along the ridge.

12

23.2

322.8

Limestone, W: light gray (0 N 7); F;
light brownish gray (5 YR 6/1); thin
to medium bedded 1 / 2 - 6 "; abundant
pelecyopod fragments; thinly
laminated; abundant calcite veins;
biosparite-biograinstone; grain
supported.

11

10.4

299.6

Covered interval; forms a distinct
saddle.

10

4.9

289.2

Limestone, very light gray (O N 8 );
biosparite;
matrix
supported
biopackstone;
abundant
fossils;
complete and fragmented pelecyopod
fossils; irregular bedding; 1 / 2 to 8 "
beds.

9

14.1

284.3

Sandy Siltstone, W: yellowich gray (5
Y 7/2); F; yellowish gray (5 Y 8/1);
thinly bedded 1/2 - 1/4"; platey; non
calcareous; very fine grain; no
fossils present; laterally continuous
ridge former.
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8

29.8

270.2

Covered interval.

7

4.5

204.4

Limestone, very light gray (0 N 8 );
medium bedded 8 -1 0 "; scsne intraclasts
present; moderate gastropod and
pelecyopod fossils; biosparite; matrix
supported, biopackstone.

6

155.8

235.9

Covered interval; brown soil horizon;
very gentle slope;
assumed to
represent the middle siltstone
horizon.

5

22.7

80.1

Limestone, W: light gray (O N 7), F:
light brownish gray (5 YR 6/1); thin
to medium bedded 1 / 2 to 6 "; abundant
pelecyopod
fragments;
thinly
laminated; abundant calcite veins;
biosparite; biograinstone.

4

18.1

57.4

Limestone, W: yellowish gray (5 Y
7/1), F; yellowish gray (5 Y 8/1);
thinly bedded
1 / 2 to
1 "; thinly
laminated; no fossils seen; slightly
dolanitic sparite.

3

19.5

39.3

Siltstone, W: grayish orange (10 YR
7/4), F; very pale orange (10 YR 8/2);
thinly bedded
1/4 to
3"; thinly
laminated; noncalcarecus.

2

4.8

1

15.0

19.8
15.0

Covered interval.
Dolomite, W: very light gray (N 8 ), F:
yellowish gray
(5 Y 8/1); thinly
bedded 1 -2 ", abundant pelecyopod
fragments.
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Morrison Formation 47.2 ft

14.4 m

Section measured on the southeast flank along the ridge
1.6 miles southwest of Sunset Peak in continuity with the
Phosphoria, Dinwoody, Woodside, Thaynes, and Kootenai
Formations (NE SW 36-11S- 5W).
Cumm.
Unit Thickness Thickness
1

47.2

47.2

Kootenai Formation

Covered interval; distinctive saddle
which is assumed to consist of the
non-resistant gray and maroon clays,
mudstones, and shales of the Jurassic
Morrison Formation between the
Triassic Thaynes and Cretaceous
Kootenai Formations.
307.0 ft 93.6 m

Section measured on the southeast flank along the ridge
1.6 miles southwest of Sunset Peak in continuity with the
Phosphoria, Dinwoody, Woodside, Thaynes, and Morrison
Formations (NE SW 36-11S- 5W).
Cumm.
UnitThickness- Thickness
8

31.5

307.0

"Gastropod" Limestone, W; bluish .gray
(5 B 6/1), F: medium dark gray (O N
4); extremely abundant gastropod
fossils; medium bedded 1 to 1 2 ";
laterally continuous ridge former;
biosparite; biograinstone; interbedded
mudstone horizons; small calcite
stringers.

7

30.0

275.5

Sandstone, W: olive gray (5 Y 6/1), F:
light yellowish white (5 Y 9/1);
calcareous some red staining, clean,
fine grained, well sorted, rounded
grains, thinly laminated; thickly
bedded.

6

28.0

5

26.0

245.5
217.5

Covered interval, reddish soil.
Sandstone, W: grayish orange (10 Y R
7/4), F: very pale orange (10 YR 8/2);
fine grained; well sorted; sub-rounded
grains; poorly exposed; medium bedded;
4 to 8 "; calcareous.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

225

4

100.3

191.5

3

80.5

91.2

Sandstone, W: very light gray (O N 7),
F: light gray (0 N 6 ); salt and pepper
sandstone; coarse grained; moderately
sorted; angular grains; noncalcareous;
medium bedde 2 to 1 2 "; same iron
staining along fractures.

2

5.4

10.7

Sandstone, W: dusky yellow (5 Y 6/4),
F; yellowish gray (5 Y 7/2); fine
grained;
iron
stained;
non
calcareous; subangular grains; medium
bedded 8 to 1 0 "; well sorted.

1

5.3

5.3

Chert pebble conglomerate, W: light
brown (5 Y 5/6), F; dark yellowish
orange (10 YR 6 / 6 ); abundant chert
pebbles; rounded; fine grained sandy
matrix; non-calcareous.

Phosphoria Formation

Covered interval.

695.4 ft 212.0 m

Section measured along the Blacktail Road adjacent to the
West Fork Blacktail Deer Creek SW SE 26 and NW NE 35-11S-6W.
Cumm.
Unit Thickness Thickness
53

12.9

695.4

Dolomite, dark maroon and chocolate
brown; thinly to medium bedded; some
shaly interbeds; top layer very
brachiopod rich;
distinct break
against non-resistant shales of the
Dinwoody Formation.

52

14.7

682.5

Cherty shale, dark chocolate brown;
very fissile; thinly bedded; non
calcareous.

51

6.4

667.8

Chert, dark chaocolate brown; shaley
partings;
medium bedded;
non
calcareous shaly horizons.

50

1.2

661.4

Siltstone, dark grayish brown; thinly
bedded; non-calcareous.

49

5.1

660.2

Chert, dark chocolate brown; thin to
medium bedded; shaly partings.
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655.1

Sardatone, W: dark yellow-brown, F:
tanish brtwn; massive to medium
bedded;
medium grained;
noncalcareous.

48

12.9

47

9.6

46

19.3

45

14.8

44

43.1

598.5

Sandstone, W: blackish gray, F: dark
gray; medium to thickly bedded; noncalcareous; fine to medium grained;
distinctive ridge former; very well
cemented.

43

100.0

555.4

Shale, black, thinly bedded; greasy
appearance; slightly petroliferous in
areas; possibly phosphatic in lower
portions of unit.

42

7.7

455.4

Chert, light grayish brcwn; medium
bedded.

41

14.8

447.7

Sandstone, W: dark gray, F; li^it
grayish yellcw; thinly bedded; medium
grained; non-calcareous.

40

28.3

432.9

Covered interval; mostly sandstone
float.

39

10.3

404.6

Sandstone, W; dark gray, F: li<#it
grayish yellow; thinly bedded; medium
grained; non-calcareous.

38

18.6

394.3

Covered interval; forms distinct swale
on ridge; fine grained sandstone
float.

37

6.4

375.7

Dolomite, light gray; massive bedding;
very fine grained, well cemented.

36

15.4

369.3

Dolomite,, light gray; medium to
thickly bedded; very fine grained,
well cemented.

642.2
632.6

613.3

Covered interval.
Sandstone, blackish grey; fine to
medium grained; thin to medium
bedded; non-calcareous; resistant
ridge former; fossil molds prevalent.
Chert, dark brcwn; medium bedded.
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35

1.9

353.9

Sandstone, W: pinkish brcwn, F: li^it
gray; very thinly bedded,
fine
grained.

34

4.5

352.0

Dolanite, light gray; thin to medium
bedded, very fine grained, small white
chert nodules.

33

18.6

347.5

Siltstone, dark gray; contains large
black chert nodules; medium bedded;
thinly laminated; non-calcareou; shaly
partings; distinct ridge former; some
white chert beds 1 / 2 in thick.

32

7.7

328.9

Covered interval; primarily shale
float.

31

7.1

321.2

Chert, alternating dark gray and white
beds; thin to thick bedded; distinct
ridge former; thinly laminated.

30

41.8

314.1

Covered interval.

29

1.3

272.3

Sandstone, light gray; glauconitic;
fine grained; thin to medium bedded;
slightly calcareous.

28

14.1

271.0

Dolanite, light gray; very fine
grained; thin to thick bedded.

27

9.6

256.9

Chert, white; thin to thick bedded;
seme brecciated chert horizons.

26

11.6

25

5.8

24

7.1

229.9

Covered interval.

23

5.8

222.8

Chert, light gray; medium bedded.

22

3.2

217.0

Shale, dark blackish gray to olive
gray; thinly bedded; silty; ripple
marks; slightly calcareous.

21

4.5

213.8

Siltstone, olive gray; thin to medium
bedded;
resistant ridge former;
contains large chert nodules.

247.3
235.7

Covered interval.
Dolanite & Chert, dark grayish brown
dolanite interbedded with white chert
horizons; medium to thick beds.
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2

3.2

209.3

Chert, dark gray; thick bed; orange
stain.

19

.6

206.1

Siltstone, gray; fine grained; thinly
bedded; non-calcareous.

18

4.5

205.5

Chert, dark gray; medium bedded;
orange iron staining.

20

17

5.8

16

3.9.3

201.0

195.2

Covered interval.
Chert, light grayish white; medium
hprirfprf; Rrme black nodules present.

15
14
13

12
11

10

9
8

6.4
10.9
1.9

18.6
1.9

175.9
169.5
158.6

156.7
138.1

Chert, dark grayish brcwn, thickly
bedded.
Covered interval.
Fhosphorite, dark grayish brown;
thinly
bedded; non-calcareous;
oolitic.
Covered interval.
Sandstone, yellowish tan; fine
grained;
medium bedded;
calcareous.

non-

10.9

136.2

Covered interval.

3.2

125.3

Chert, dark grayish bcwn; massive bed.

27.0

122.1

Covered interval.

7

5.1

95.1

Chert, dark grayish bcwn; massive bed.

6

43.7

90.0

Covered interval.

5

9.6

46.3

Dolanite, light gray; thin to medium
bedded; very fine grained; contains
grayish tan chert nodules; poorly
exposed; possibly interbedded with
siltstones which are seen in float.

4

5.8

36.7

Dolanite, light grayish blue; massive
bed; very fine grained.

3

10.9

30.9

Dolanite, light grayish white; very
fine grained; medium bedded.
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2

8.4

1

11.6

20.0
11.6

Woodside Formation

Dolanite, light grayish white; massive
bed.
Covered interval.
307.6 ft 93.8 m

Section measured along the Blacktail Road adjacent to the
West Fork Blacktail Deer Creek SW NE 35-11S-6W.
Cunun*
Unit Thickness Thickness

1

307.6

307.6

Siltstones, Mudstones, and Shales; red
beds (10 R 4/6); interbedded layers of
fine grain red calcareous siltstones
and alternating beds of very thinly
bedded gray, green, and tan calcareous
siltstones and claystones; distinct
saddle along ridge; distinctive red
bed formation and soil zone.
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CALCITE TWIN ANALYSIS DATA

Sample #:
1-EEV
Station #:
BCM-E3-86
location:
NW SE 18-9S-3W
Formation:
Thaynes
Bedding:
N 6 W/ 56 SW overturned
# Grains:
96
# Grains Cleaned:
68
# NEVs:
28
% NEVs:
29%
% NEVS Cleaned:
11%
Unrotated Compression Axes
Ci s
Bed 11 61/S 81 W
CT2 *
Bed j. 25/S 84 E
0*
3:
Bed j. 12/N 10 E
Rotated Compression Axes
O'].:
Bed 11
5/N90W
(T2 - '
Bed 1
70/N 4 E
<T3:
Bed |J 18/S 4 E
Maximum Contour Density:
11-13 0 "
Rotation Axes:

Strike of Bedding

N

6

1-NEV
BCM-E3-86
NW SE 18-9S-3W
ihaynes
W/ 56 SW overturned
96
28
28
29%
14%
Bed
Bed
Bed

31/N 58 E
13/S 14 E
55/N 8 8 W

Bed j_ 6 8 /S 10 E
14/N 9 W
Bed
2/N 78 E
Bed
5-7
Strike of Bedding

Rotation:

Rotated bedding plane to horizontal.

Structural Position:

Overturned limb of a foot wall syncline.

Interpretation:

Rotated Bed 11 <Ji (FEVs) represents Late Cretaceous
ccsnpression.
Rotated Bed || Cf3 (NEVs) represents Late Paleozoic
extension.
or
Unrotated Bed J__ ^”i (NEVs) represents Late Cretaceous
compression recorded when the
bedding plane was vertical.
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Stereoplot diagram of sample #1 shewing the required rotations to
return bedding to horizontal and to restore the principal stress
directions to their assumed Laramide orientation.
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CAI£TTE TWIN ANALYSIS DATA

2-NEV
BCM-192-86
NW NW 28-10S-4W
Mission Canyon
N 26 E/52 NW overturned
97
37
37
38%
3%

2-FEV
Sample #:
BCM-192-86
Station #:
NW NW 28-10S-4W
Location:
Mission Canyon
Formation:
Bedding: N 26 E/52 NW overturned
97
# Grains:
60
# Grains Cleaned:
37
# NEVs:
38%
% NEVs:
3%
% NEVs Cleaned:
0 l:

cr2:
<r3
Rotated
OV
CT2:
<r3:
Maximum

Bed * 42/S 12 E
11/S 61 W
Bed
50/N 29 W
Bed
Compression Axes
Bed
50/N 2 E
Bed
26/S 2 W
Bad
2/S 87 W
Contour Density:
7-9 cr

Rotation Axes:

Strike of Bedding

Bed
Bed
Bed

49/N 28 W
0/S 50 W
40/S 41 E

Bed
Bed
Bed

2/S 81 E
20/S 9 W
78/N 11 E
9-11 cr

Strike of Bedding

Rotation:

Rotated bedding plane to horizontal.

Structural Position:

Overturned limb of foot wall syncline.

Interpretation:

Rotated Bed 11 <T^ (NEV) represents Late Cretaceous
compression.
Rotated Bed |j

(PEV) represents Late Paleozoic
extension.
or
Unrotated Bed J_ (T1 (PEV) represents late Cretaceous
compression recorded when the
bedding plane was vertical.
0*3
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N

Sterecplot diagram of sample #2 showing the required rotations to
return bedding to horizontal and to restore the principal stress
directions to their assumed Laramide orientation.
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CALCITE TWIN ANALYSIS DATA

3-FEV
Sample #:
BCM-56-86
Station #:
SW NW 35-11S-5W
Location:
Conover Ranch
Formation:
N 62 E/36 NW overturned
Bedding:
97
# Grains:
60
# Grains Cleaned:
37
# NEVs:
38%
% NEVs:
2%
% NEVs Cleaned:
Unrotated Compression Axes
(T^:
Bed X 48/S 14 W
16/N 57 W
0*2’
Bed
36/N 12 W
C3 :
Bed
Rotated Compression Axes
Bed X 64/N 58 E
Bed
12/S 2 W
<32=
Bed
36/N
12 W
^3:
Maximum Contour Density:
Rotation Axes:

3-NEV
BCM-56-86
SW NW 35-11S-5W
Conover Ranch
N 62 E/36 NW overturned
97
37
37
38%
8%
Bed
Bed
Bed

25/N 51 E
26/N 52 W
45/

Bed
Bed
Bed

12/N 90 W
6 /S
2 E
6 8 /N 76 E
7-9 CT

9-11 O’

Strike of Bedding

Strike of Bedding

Rotation:

Rotated bedding plane to horizontal.

Structural Position:

Overturned limb of foot wall syncline

Interpretation:

Rotated Bed 11 <3"i (NEV) represents Late Cretaceous
canpression.
Rotated Bed 11 CJ3 (PEV) represents Late Paleozoic
extension.
or
Unrotated Bed J_ CT]_ (PEV) represents Late Cretaceous
ccsnpression recorded when the
bedding plane was vertical.
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Stereoplot diagram of sample #3 showing the required rotations to
return bedding to horizontal and to restore the principal stress
directions to their assumed Laramide orientation.
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CAIdTE TWIN ANALYSIS DATA

4-FEV
Sample #:
BCM-45-86
Station #: .
NE NW 9-12S-5W
Location:
Lombard Limestone
Formation:
N 65 E/25 SE
Bedding:
94
# Grains:
72
# Grains Cleaned:
22
# NEVs:
23%
% NEVs:
3%
% NEVs Cleaned:
Unrotated Compression Axes
Bed
13/S 84 E
Bed
21/S 22 E
Rotated Compression Axes
Bed
Bed

2/N 85 W
3/N 26 W

Maximum Contour Density:

9-11 cr

4-NEV
BCM-45-86
NE NW 9-12S-5W
Lombard Limestone
N 65 E/25 SE
94
22
22

23%
0%
o-i
cr2
<T3

Bed
Bed
Bed

57/N 8 E
32/S 19 W
6 /S 74 E

<Ti:

Bed
Bed
Bed

72/N 53 E
14/S 8 W
10/N 78 W
5-7 CT

cr2 :

0"3:

Rotation Axes:
Bi = West Fork Anticline (northern nose)
B2 = Sawtooth Mountain Anticline
Rotation:

1. Unplunge
7°.
2. Rotate 21° around B]/.
3. Unplunge B2 10°.

Structural Position:
Within the hinge of the Sawtooth Mountain anticline.
Interpretation:
Rotated Bed

(J2.1 (PEV) represents late Cretaceous
compression.

Rotated Bed

CTi2 (PEV) represents conpression normal
to the axial trace beneath the
nuetral surface of the Sawtooth
Mountain anticline.

Rotated Bed

0"3

(NEV) represents Late Paleozoic
extension.
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Stereoplot diagram of sample #4 showing the required rotations to
return bedding to horizontal and to restore the principal stress
directions to their assumed Laramide orientation.
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CALCITE TWIN ANALYSIS DATA

5-FEV
Sample #:
BCM-302-87
Station #:
NE NW 18-12S-5W
Location:
Lombard Limestone
Formation:
N 74 E/16 SE
Bedding:
# Grains:
85
# Grains Cleaned:
68
17
# NEVs:
20%
% NEVs:
3%
% NEVs Cleaned:
Unrotated Compression Axes
Bed
10/S 79 E
Oil:
Bed
15/S 26 E
CTi2:
Rotated Compression Axes
CTi1:
Bed
2.
Bed

16/S 80 E
2/S 31 E

Maximum Contour Density:

9-11 CT

5-NEV
BCM-302-87
NE NW 18-12S-5W
Lombard Limestone
N 74 E/16 SE
85
68
17
20%
0%
Oi:
V*2 :
cr3:

Bed
Bed
Bed

70/N 28 W
6 /S 45 W
19/S 47 E

<1
^2
0*3

Bed
Bed
Bed

85/N 62
3/N 38
6 /S 52
7-9

W
E
E
CT

Rotation Axes:
B]_ = West Fork Anticline : 5/N 53 E
B2 = West Fork Syncline : 28/S 63 E
Rotation:
1. Rotate 13° CCW around B2 .
2. Urplunge B^ 5°.
3. Rotate bedding to horizontal around B]/
Structural Position:
Within the hinge of the west Fork anticine.
Interpretation:
Rotated CT-jl (PEV) represents Late Cretaceous
compression.
Rotated CT] 2 (PEV) represents compression normal to
the axial trace beneath the nuetral
surface of the West Fork anticline.
Rotated O 3 (NEV) represents late Paleozoic extension.
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N

Stereoplot diagram of sample #5 showing the required rotations to
return bedding to horizontal and to restore the principal stress
directions to their assumed Laramide orientation.
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CAHHTE TWIN ANALYSIS DATA
6 -FEV
Sample #:
BCM-164-86
Station #:
SW NW 19-12S-5W
location:
Thaynes
Formation:
Bedding:
N 34 E/32 SE
# Grains:
71
52
# Grains Cleaned:
# NEVs:
19
27%
% NEVs:
% NEVs Cleaned:
0%
Unrotated Compression Axes
Bed
22/S 65 E
<Tl:
:
Bed
3/S 26 W
«*2
:
Bed
67/N
58 W
<r3
_
Rotated Conpression Axes
Bed
4/S 89 W
*1
Bed
4/N 20 E
<r2
Bed
80/S 58 E
(T3

Maximum Contour Density:

6 -NEV
BCM-164-86
SW NW 19-12S-5W
Thaynes
N 34 E/32 SE
71
19
19
27%
5%

Bed
Bed
Bed

72/N 6 8 W
2/S 22 W
28/S 49 E

Bed
Bed
Bed

74/S 43 E
7/S 37 W
4/N 52 W

9-11 CT

7-9 O’

Rotation Axes:
Bi = West Fork syncline : 28/S 63 E
B2 = West Fork Anticline: 5/N 53 E
Rotation:

1. Rotate 7° CW aound B]_.
2. Unplunge B2 5°.
3. Rotate bedding 34° around B2 ' to horizontal.

Structural Position:
Eastern limb of West Fork anticline.
Interpretation:
Rotated Bed

3*1 (PEV) represents Late Cretaceous
compression.

Rotated Bed

3*3 (NEV) represents Late Paleozoic
extension.
or
(NEV)
represents
extension normal
03
to the axial trace above the
nuetral surface of the West Fork
anticline.

Rotated Bed
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Stereoplot diagram of sample # 6 shewing the required rotations to
return bedding to horizontal and to restore the principal stress
directions to their assumed Laramide orientation.
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CALCITE TWIN ANALYSIS DATA

Sample #:
.7-FEV
Station #:
BCM-96-86
Location:
NW NE 35-12S-6W
Formation:
Mission Canyon
Bedding:
N 65 E/44 SE
# Grains:
97
# Grains Cleaned:
63
# NEVs:
34
% NEVs:
35%
% NEVs Cleaned:
1.6%
Unrotated Compression Axes
0^:
Bed || 46/S 20 E
02:
n/a
<r3 :
n/a
Rotated Compression Axes
G\i
n/a
O2 :
n/a
<T3:
r/a
Maximum Contour Density:

7-NEV
BCM-96-86
NW NE 35-12S-6W
Mission Canyon
N 65 E/44 SE
97
34
34
35%
3%
Bed #

46/N 24 E
n/a
n/a
n/a
n/a
n/a

7-9 CT

7-9 CT

Rotation Axes:
n/a
Rotation:

no rotation

Structural Position:
Within the hing of both the West Forf and Clover Creek
anticlines.
Interpretation:
Unrotated Bed 11

1

(PEV) represnts compression normal
to the axial trace beneath the
nuetral surface of the West Fork
Anticline.

Unrotated Bed

1

(NEV) represents compression normal
to the axial trace beneath the
nuetral surface of the Clover
Creek anticline .

£
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CALCITE TWIN ANALYSIS DATA
8 -PEV
Sample #:
BCM-601-87
Station #:
location:
NE SE 5-13S-6W
Thaynes
Formation:
N
43
E/48 SE
Bedding:
87
# Grains:
70
# Grains Cleaned:
17
# NEVs:
20%
% NEVs:
3%
% NEVs Cleaned:
Unrotated Conpression Axes
0%1 ;
Bed II 38/N 61 E
Bed '1
I 20/N 61 W
<rr2 .

Rotated Conpression Axes
13/S 85 E
O'!1:
Bed
CTi2:
Bed '1 64/N 6 6 W
Maximum Contour Density:

9-11

8 -NEV
BCM-601-87
NE SE 5-13S-6W
Thaynes
N 43 E/48 SE
87
17
17
20%
6%
0 i:
<r2:
<T3:

Bed
Bed
Bed

56/S 29 W
25/N 71 E
20/N 38 W

CTi*

Bed
Bed
Bed

27/S 4 W
2/N 8 8 W
63/N 6 E
5-7 0 *

CX2:

tf3:

O’

Rotation Axes:
B^ = Clover Creek Syncline: 39/S
Rotation:

6

W

1. Unplunge B^ 34°.
2. Rotate bedding 36° around B]/ to horizontal,

Structural Position:
Upright eastern limb of Basin Creek anticline.
Interpretation:
Rotated Bed

(Ti1 (PEV) represents late Cretaceous
compression.

Rotated Bed J_ (T-j2 (PEV) may represent compression
normal to bedding above the nuetral
surface within the hinge of the
Eaisn Creek anticline.
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Stereoplot diagram of sample # 8 showing the required rotations to
return bedding to horizontal and to restore the principal stress
directions to their assumed Laramide orientation.
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CALCITE TWIN ANALYSIS DATA

9-NEV
BCM-226-87
SW SW 29-13S-7W
Mission Canyon
N 45 E/45 NW overturned
72
29
17
20%
6%

9-PEV
Sample #:
BCM-226-87
Station #:
Location:
SW SW 29-13S-7W
Formation:
Mission Canyon
Bedding:
N 45 E/45 NW overturned
72
# Grains:
43
# Grains Cleaned:
17
# NEVs:
20%
% NEVs:
7%
% NEVs Cleaned:
Unrotated Conpression Axes
CTi:
Bed | 16/N 77 W
0 *2 *
^
-. 78/S 17 E
<T3:
Bed 1 11/N 10 E
Rotated Conpression Axes
(Ti*
Bed | 21/S 13 E
0*2 s
Bed .. 54/N 35 W
OV
Bed | 14/N 79 E
Maximum Contour Density:

42/N 20 E
. 77/S 17 E
3/N 74 E
|

Bed
Bed
Bed

|

Bed
Bed
Bed

|

15/N 90 W
. 54/N 35 W
| 30/N 18 E

5-7 cr

5-7 <r

Potation Axes:
Strike of bedding: N 45 E •
Rotation:

Rotate 135° around strike of bedding.

Structural Position:
Overturned bed adjacent to foreland thrust.

Interpretation:
Rotated Bed'11

(NEV) represents late Cretaceous
conpression.

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

247

Stereoplot diagram of sample #9 shewing the required rotations to
return bedding to horizontal and to restore the principal stress
directions to their assumed Laramide orientation.
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